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FOREWORD b 
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Engineer was P. Budininkas who was ass is ted  by F. Rasoul i .  The Contract  
Technical Monitors were Mark I .  Leban and Dr .  Theodore Wydeven, NASA Ames 
Research Center, M o f f e t t  F ie ld ,  C a l i f o r n i a .  
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S L'MMAR Y 

An in teg ra ted  engineer ing breadboard subsystem f o r  t he  recovery o f  
po tab le  water from untreated u r i n e  based on the  vapor phase c a t a l y t i c  
ammonia removal was designed, fab r i ca ted  and tested. The subsystem i s  
s u i t a b l e  f o r  a zero-g operat ion.  

The system conta ins two recyc le  loops: a l i q u i d  loop f o r  vapor iz ing  
u r i n e  and a vapor/gas loop f o r  c a t a l y t i c  ammonia removal. A design 
analys is ,  based on thermodynamic, heat t r a n s f e r  and mass f low 
ca l cu la t i ons ,  c o r r e l a t i n g  the  operat ing parameters w i t h  component s i z ing ,  
c o n f i g u r a t i o n  and i n t e g r a t i o n  i n t o  a subsystem was performed t o  determine 
cond i t i ons  min imiz ing volume, weight and power requirements. 

A subsystem based on optimum parameters i d e n t i f i e d  i n  the  design 
ana lys i s  was fab r i ca ted  us ing  commercially a v a i l a b l e  components. Although 
volume and weight o f  t he  subsystem were minimized, use o f  commercial 
components precluded the  opt imizat ion.  

The subsystem was tes ted  t o  demonstrate the  i n teg ra ted  opera t ion  and 
t h e  q u a l i t y  o f  t he  recovered water. The t e s t i n g  program consis ted of 
parametr ic  tes ts ,  one month of  d a i l y  t es ts ,  and a cont inuous t e s t  of 168 
hours o f  durat ion.  

The in teg ra ted  engineer ing breadboard subsystem produces water of very  
good q u a l i t y .  The recovered water i s  c lear ,  odorless, low i n  ammonia and 
organic  carbon, and requ i res  only  an adjustment i n  i t s  pH t o  meet po tab le  
water standards. I f  f u r t h e r  developed, the  vapor phase c a t a l y t i c  ammonia 
removal process would a l so  be compet i t i ve  w i t h  o ther  water recovery 
systems i n  weight, volume and power requirements. 
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INTRODUCTION 

Since recovery o f  po tab le  water from u r i n e  and wash water o f f e r s  g rea t  
p o t e n t i a l  f o r  weight and volume savings i n  manned s p a c e f l i g h t s  of long  
dura t ion ,  considerable e f f o r t  has been p u t  i n t o  t h e  development o f  water 
recovery systems. Two d i s t i l l a t i o n  processes, Vapor Compression 
D i s t i l l a t i o n  (VCD)  and Thermoelectr ic I n teg ra ted  Membrane Evaporation 
System (TIMES), have evo:iied into development hardware. Both o f  these 
methods are based on t h e  phys i ca l  processes o f  evaporat ion and 
Condensation; there fore ,  i m p u r i t i e s  (such as ammonia and v o l a t i l e  
organics) vapor iz ing w i t h  water w i l l  a l s o  be co-condensed w i t h  the  
recovered water. For t h i s  reason, these processes r e q u i r e  t h e  use o f  
expendable pre- and post-treatment chemicals f o r  t h e  removal o f  ammonia 
and organics i n  t h e  product water. 

The c a t a l y t i c  d i s t i l l a t i o n  concept i s  based on t h e  c a t a l y t i c  chemical 
process where the  v o l a t i l e  i m p u r i t i e s  vapor i z ing  w i t h  water a re  ox id i zed  
t o  innocuous gaseous products. Th is  concept employs two c a t a l y s t  beds 
which sequen t ia l l y  f i r s t  o x i d i z e  vapor phase ammonia t o  a m ix tu re  of 
n i t r o u s  oxide (N20) and n i t r o g e n  (N2) and organ ic  vapor t o  carbon 
dioxide, then decompose the  N20 t o  n i t r o g e n  (N2) and oxygen (02). 
The advantage o f  t h i s  concept i s  t h a t  no expendable pre- and post - t reat -  
ment chemicals a re  required. I n  add i t i on ,  because t h e  vapor i z ing  u r i n e  i s  
maintained above the  p a s t e u r i z a t i o n  temperature and i t s  vapor i s  passed 
through a c a t a l y t i c  r e a c t o r  maintained a t  250°C. b a c t e r i a l  v i a b i l i t y  i s  
destroyed or, a t  l eas t ,  g r e a t l y  i n h i b i t e d .  

Previous l abo ra to ry  bench sca le  i n v e s t i g a t i o n s  (NAS2-9219, NAS2-9715, 
NAS2-10237) have demonstrated t h i s  c a t a l y t i c  process on ammonia-vapor 
streams and on urine-vapor streams. 

The ob jec t i ve  o f  t h i s  program was t o  dgsign, develop, fabr ica te ,  and 
t e s t  an in tegra ted  engineer ing breadboard subsystem f o r  t h e  recovery o f  
po tab le  water from unt rea ted  ur ine .  The subsystem u t i l i z e s  commercial ly 
a u a i l a b l e  components and, thus, i s  n o t  opt imized f o r  weight, volume and 
power requirements: however, i t s  design incorpora tes  a zero-g opera t ing  
c a p a b i l i t y .  The pr imary func t i ons  o f  t he  engineer ing breadboard subsystem 
are t o  demonstrate the  i n teg ra ted  opera t ion  and t h e  q u a l i t y  of t h e  
recovered water; also, ga in  experimental experience which cou ld  be 
u t i l i z e d  for t he  design o f  an opt imized subsystem. 

To achieve the  above ,object ives,  t h o  program cons is ted  of t he  
f o l  low ing  m a i  n tasks: 

1. Subsystem Design.- An ana lys i s  of t he  bas ic  system c o n s i s t i n g  of a 
u r i n e  recyc le  loop and a vapor/gas r e c y c l e  loop was performed using 
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thermodynamic and heat t r a n s f e r  cons iderat ions.  Three methods o f  vapor 
a d d i t i o n  t o  the  vapor/gas recyc le loop were considered, then the  e f f e c t s  
o f  independent va r iab les  on the o v e r a l l  energy requirements f o r  each 
method were ca lcu lated,  and a con f igu ra t i on  r e s u l t i n g  i n  the  lowest energy 
requirements was selected. 

2. Subsystem Fabr icat ion.  - Based on the  design ca l cu la t i ons ,  
i n d i v i d u a l  components were fab r i ca ted  from commercially a v a i l a b l e  
m a t e r i a l s  and par ts ,  then in tegra ted  i n t o  a compact and o v e r a l l  subsystem. 
To conform t o  customary commercial dimensions, s l i g h t  changes were made i n  
the  t h e o r e t i c a l l y  ca l cu la ted  dimensions. 

3. Subsystem Testing.- The in teg ra ted  subsystem was tes ted  us ing  
un t rea ted  ur ine .  The f o l l o w i n g  t e s t  se r ies  were performed: 

a. Parametric t e s t i n g  
b. 
c. Continuous t e s t  o f  168 hours durat ion.  

Endurance t e s t i n g  cons is t i ng  o f  one month o f  d a i l y  t e s t s  

3 



TABLE OF NOMENCLATURE 

Abbrev iat ion 

A 
D 
De 
DH 
d i  
d0 
f 
gc 
h i  
h i  c 
h0 
J 
JH 
K 
k 

L 
KG 

MV 
N 

W 

AP x 
P 

E 

Term 

Membrane area 
Ins ide  diameter o f  t h e  tube 
Equiva lent  diameter 
Average diameter o f  t h e  h e l i x  
I n s i d e  diameter o f  t h e  f i b e r s  o r  tubes 
Outside diameter o f  t h e  f i b e r s  o r  tubes 
Fanning f r i c t i o n  f a c t o r  
G r a v i t a t i o n a l  conversion f a c t o r  
Heat t r a n s f e r  c o e f f i c i e n t  f o r  i n s i d e  f l u i d  
Corrected heat t r a n s f e r  c o e f f i c i e n t  
Heat t r a n s f e r  c o e f f i c i e n t  f o r  ou ts ide  f l u i d  
Vapor f l u x  through t h e  membrane 
Colburn f a c t o r  
Permeab i l i t y  
F l u i d  thermal c o n d u c t i v i t y  
Mass t r a n s f e r  c o e f f i c i e n t  
Length o f  t he  pa th  
Vapor molecular weight 
Number of f i b e r s  
Prandt l  number 
Reynolds number 
P a r t i a l  pressure o f  vapor i n s i d e  and ou ts ide  
P a r t i a l  pressure o f  vapor a t  t he  condensate f i l m  
P a r t i a l  pressure o f  vapor i n  the  gas body 
Temperature o f  t h e  condensate f i l m  
Temperature o f  t h e  gas 
Temperature o f  t h e  coo lan t  
Overa l l  heat t r a n s f e r  c o e f f i c i e n t  
Mass f l o w  r a t e  
Pipe roughness 
Pressure drop 
La ten t  heat 
F l u i d  dens i t y  
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SUBSYSTEM DESIGN 

E ne r g  y Ma nag eme n t 

One of t h e  main ob jec t ives  of t he  design phase was t o  develop an 
o v e r a l l  process scheme t h a t  w i l l  minimize the  energy requirements. For 
t h e  c a t a l y t i c  water recovery system, the  l a t e n t  heat o f  evaporat ion com- 
p r i s e s  the  l a r g e s t  p o r t i o n  o f  t he  t o t a l  process energy. Proper and 
e f f e c t i v e  use o f  t he  l a t e n t  and sens ib le  heats i n  the  process w i l l  
decrease the  o v e r a l l  energy requirement o f  t h e  system. According t o  t h e  
Second Law o f  Thermodynamics, t he  spontaneous t r a n s f e r  o f  energy takes 
p lace  o n l y  i n  one d i r e c t i o n :  from h igh  t o  low temperatures. Any energy 
a v a i l a b l e  a t  a low temperature may be non-usable: i n  add i t ion ,  r e j e c t i n g  
i t  t o  the  cabin atmosphere cons t i t u tes  a penal ty ,  Therefore, a care fu l  
thermodynamic ana lys is  o f  t h e  o v e r a l l  process must be performed t o  
evaluate var ious poss ib le  heat management methods. 

A computer program represent ing the  process was developed f o r  ca l -  
c u l a t i n g  the  o v e r a l l  energy requirements and changes r e s u l t i n g  from 
var ious  energy management techniques. This  program performs a thermo- 
dynamic ana lys is  o f  t h e  ove ra l l  process by consider ing mass f l o w  ra tes ,  
energy t r a n s f e r  ra tes,  temperatures requ i red  f o r  t he  opera t ion  o f  c e r t a i n  
components ( c a t a l y t i c  reactors ,  evaporator, condenser) and r e s u l t a n t  
temperatures a t  var ious  locat ions,  t ak ing  i n t o  account f i x e d  parameters 
l i s t e d  i n  Table 1. A l l  o ther  parameters a re  dependent and can be va r ied  
t o  minimize the  energy, weight and volume o f  the  system: these parameters 
a re  l i s t e d  i n  Table 2. Operat ional ly ,  t he  dependent va r iab les  a re  sub jec t  
t o  t h e  

1. 

2 .  

3. 

f o l l o w i n g  cons t ra in t s :  

The upper l i m i t  o f  the evaporat ion temperature i s  about 353°K 
(176°F): heat ing  u r i n e  t o  h igher  temperatures causes a re lease o f  
gases t h a t  tend t o  f o r m  bubbles i n  the  u r i n e  r e c y c l e  loop. The 
lower l i m i t  o f  t he  evaporat ion temperature i s  decided by t h e  
a b i l i t y  o f  t he  compressor t o  c rea te  the  requ i red  pressure i n  t h e  
evaporator. 

Ur ine  recyc le  loop acts as a coo lan t  f o r  t he  condenser: there-  
fo re ,  t he  condensation temperature i s  p a r t i a l l y  r e l a t e d  t o  t h e  
evaporat ion temperature. The approach temperature between t h e  
l i q u i d  c y c l e  en te r ing  t h e  condenser and t h e  gas leav ing  t h e  
condenser se ts  the  condensation temperature. 

The 
stream r e s t r i c t s  the  lower boundary o f  t he  evaporator pressure. 

presence o f  a t  l e a s t  21% non-condensible gases i n  t h e  r e c y c l e  

5 



TABLE 1 

F I X E D  PARAMETERS 

Water Recovery Rate, kg /hr  

Temperature o f  t he  "3 Ox ida t i on  Ca ta l ys t ,  O K  ( O F )  

Temperature o f  t he  N20 Decomposition 
Ca ta l ys t ,  O K  ( O F )  

I n l e t  Temperature o f  Ur ine,  O K  ( O F )  

I n l e t  Temperature o f  Oxygen, O K  (OF) 

E x i t  Temperature o f  Recovered Water, O K  ( O F )  

E x i t  Temperature o f  Vent Gas, O K  ( O F )  

So l ids  i n  Urine, % 

Oxygen i n  Recycle Stream, % 

0.546 

523 (482) 

723 (842) 

308 (95) 

298 (77) 

308 (95) 

308 (95) 

15 

9 
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TABLE 2 

RANGES OF DEPENDENT VARIABLES 

Evaporation Temperature, O K  ( O F )  

Condensation Temperature, O K  ( O F )  

Compression Rat io  

Evaporator Pressure, MPa 

338 - 363 (149-194) 

343 - 373 (158-212) 

2 - 3.5 

0.029 - 0.1013 
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4. The combined e f f e c t  o f  t h e  evaporator pressure and t h e  compres- 
s ion r a t i o  should be such as t o  p rov ide  a p o s i t i v e  head f o r  t h e  
vent gas i n  t h e  recyc le  stream (i.e., s l i g h t l y  above one 
atmosphere). 

I n  our  ca lcu la t ions ,  an 85% e f f i c i e n c y  o f  heat recovery, p o l y t r o p i c  
compression of vapor, and motor/compressor o f  85% e f f i c i e n c y  were assumed. 
The phys ica l  p roper t i es  o f  t he  f l u i d s  a re  l i s t e d  i n  Table 3. 

The performance and the  energy requirement o f  t h e  system depend, t o  a 
l a r g e  extent, on t h e  opera t ing  cond i t i ons  and l o c a t i o n  o f  t h e  blower/  
compressor. The compressor has th ree  funct ions:  t o  increase t h e  p a r t i a l  
pressure vapor en te r ing  the  condenser, t o  preheat t h e  vapor/gas stream 
en te r ing  the NH3 decomposition reac tor ,  and t o  r e c i r c u l a t e  t h e  gas 
stream. To determine the  o v e r a l l  c o n f i g u r a t i o n  g i v i n g  t h e  optimum energy 
management, t h ree  mix ing arrangements around the  compressor were 
considered and the  computer program was p roper l y  mod i f ied  f o r  c a l c u l a t i n g  
t h e  energy requirement f o r  each case. 

o f  

Case 1. 61owing Recycle Gas Through t h e  Evaporator.- The bas ic  
schematic o f  a c a t a l y t i c  d i s t i l l a t i o n  water recovery system u t i l i z i n g  t h e  
evaporator f o r  mix ing  t h e  u r i n e  vapor w i t h  recyc le  gas i s  dep ic ted  i n  
F igure  1. I n  t h i s  conf igura t ion ,  t h e  recyc le  vapor/gas stream f lows 
through the evaporator and mixes w i t h  t h e  permeated vapor. The r e s u l t a n t  
m ix tu re  i s  compressed i n  a compressor and passes a recuperator  f o r  
exchanging heat w i t h  t h e  h o t  stream leav ing  t h e  NH3 o x i d a t i o n  reac tor .  
I f  required, the  m ix tu re  i s  f u r t h e r  heated t o  523°K (482°F) by a heater  
be fore  en ter ing  t h e  NH3 o x i d a t i o n  reac tor .  

The e f f e c t s  o f  d i f f e r e n t  parameters on the  energy requirements o f  t he  
system were i nves t i ga ted  by f i x i n g  t h e  condensation and evaporat ion 
temperatures t o  se lected values, and vary ing  t h e  evaporator pressure 
and/or the  compression r a t i o .  The t o t a l  evaporator pressure determines 
the  p a r t i a l  pressure o f  t he  water vapor i n  t h e  evaporator, and t h e  
compression r a t i o  se ts  the  vapor p a r t i a l  pressure o f  t he  m ix tu re  en te r ing  
t h e  condenser. Table 4 presents t h e  values and combinations o f  va r iab les  
t h a t  were studied. 

The e f f e c t  o f  t he  compression r a t i o  on the  energy requirement o f  t h e  
system were s tud ied  a t  evaporat ion temperatures o f  338, 343, 353 and 363°K 
(149, 158, 176 and 194°F) and var ious evaporator pressures. Examples o f  
t y p i c a l  r e s u l t s  a re  presented i n  F igure  2 and i n d i c a t e  t h a t  a t  a g iven  
pressure the s p e c i f i c  energy o f  t h e  system passes through a minimum w i t h  
an increase i n  t h e  compression r a t i o .  F igure  2 a l so  shows t h a t  these 
minimums s h i f t  toward t h e  h igher  compression r a t i o s  w i t h  an increase i n  
t h e  evaporator pressures. I n  o ther  words, t he  b e n e f i t s  o f  a h igher  
compression r a t i o  o f f s e t  t he  increase i n  t h e  compressor power requirement 
up t o  a c e r t a i n  compression r a t i o ;  f u r t h e r  increase i n  t h e  compression 



TABLE 3 

PHYSICAL PROPERTIES OF FLUIDS 

Vapor V iscos i t y ,  343°K (1 58°F) 

Vapor Thermal Conduct iv i ty,  343°K (158°F) 

Vapor Heat Capaci ty 

Gas V iscos i t y ,  343°K (1 58°F) 

Gas Thermal Conduct iv i t y ,  343°K (1 58°F) 

Gas Heat Capacity 

Ur ine  Densi ty 

Ur ine  V iscos i t y ,  353°K (176°F) 

Ur ine  Thermal Conduc t i v i t y  

U r ine  Heat Capacity 

109.3 x Pa.s 

2.13 x kJ/s.m"K 

2.04 kJ/kg. "K 

127.8 x Pa.s 

2.86 x l oe5  kJ/s.rn."K 

1.04 kJ/kg. "K 

1070 kg/m3 

0.35 x 10-3 Pa.s 

0.708 kJ/s.m"K 

4.2 kJ/kg. "K 
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TABLE 4 

SYSTEMS VARIABLES FOR CASE 1 

Condensation 
Temperature, 

"K ( O F )  

Evaporation 
Tempera t u r e  I 

O K  ( O F )  

Compression 
Rat io  

338 
(149) 

348 

343 
(1 58) 

2.8 
2.59 
2.39 

~ 

353 
(176) 

363 
(194) 

362 (192) 
360 (189) 
358 (185) 

373 
(212) 

363 
(1 94) 

2.2 
2.13 
2 

2.13 
2.13 
2.13 

2.13 

I 

(167) 2.23 1 2.13 

2.26 
353 (176) I 2.13 4 '  

348 
(167) 

~ ~- 
2.56 
2.5 
2.4 
2.2 
2.13 

I 
I 

I 2.4 

Evaporator Pressure, 

MPa 

0.029, 0.0317, 0.035, 0.0417, 0.05 
0.029, 0.0317, 0.035, 0.04, 0.05 
0.029, 0.0317, 0.035, 0.04, 0.05 
0.029, 0.0317, 0.04, 0.05 
0.0317, 0.04, 0.05, 0.07 

0.029, 0.317, 0.0357, 0.0385, 0.0417 
0.029, 0.317, 0.0357, 0.0385, 0.0417 

0.04, 0.417, 0.05, 0.07, 0.1013 
0.04, 0.042, 0.05, 0.07, 0.1013 

0.04, 0.045, 0.05 
0.04, 0.045, 0.05 
0.04, 0.045, 0.05 
0.04, 0.045, 0.05 
0.04, 0.045, 0.05 

0.06, 0.07, 0.09, 0.1013 
0.06, 0.07, 0.09, 0.1013 
0.06, 0.07, 0.09, 0.1013 
0.06, 0.07, 0.09, 0.1013 

~~ ~ 

0.06, 0.07, 0.09, 0.1013 
0.06, 0.07, 0.09, 0.1013 
0.06, 0.07, 0.09, 0.1013 

-1 0.09, 0.1013 



2.0 2.2 2.4 2.6 2.8 

Compression Ratio 

I I 1 I I ~~~ 

Evaporation Condensation 
338°K (149°F) 348°K (167°F) 

------ 343°K (158°F) 348°K (167°F) 

-- - ------ - - -  ---- 353°K (176°F) 363'K (194°F) 

Evaporator Pressure, MPa 

/ 0.045 
/ 

200 

150 
L 

100 

Figure 2 EFFECT OF COMpRESSION RATIO Fob CASE 1 
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r a t i o  on ly  r e s u l t s  i n  a h igher  s p e c i f i c  energy f o r  t h e  system. 

The e f f e c t s  of the  evaporator t o t a l  pressure on the  energy requ i re -  
ments o f  t h e  system were ca lcu la ted  f o r  several  evaporat ion temperatures. 
The c a l c u l a t i o n s  were c a r r i e d  out  by assuming a condensation temperatures 
10°K above the  evaporat ion temperature i n  each case, and a compression 
r a t i o  o f  2.13. The r e s u l t s  a re  presented i n  F igure 3. As can be seen, a t  
a g iven  evaporat ion temperature, t h e  requ i red  s p e c i f i c  energy decreases 
w i t h  the  decrease i n  t h e  evaporator t o t a l  pressure. Furthermore, a t  a 
g iven  t o t a l  pressure, t he  energy requirement o f  t h e  system decreases w i t h  
an increase i n  the  evaporat ion temperature. 

The e f f e c t s  o f  t h e  condensation temperature on t h e  energy requirements 
o f  t h e  system were s tud ied  by making several  computer runs a t  evaporat ion 
temperatures o f  353°K (176°F) and 343°K (158°F) and var ious  condensation 
temperatures. The energy requirements a t  var ious  condensation 
temperatures and evaporator pressures are  presented i n  F igure  4, 
i n d i c a t i n g  an increase i n  the  energy requirements o f  t he  system w i t h  an 
increase i n  the  condensation temperature, as expected. 

Based on the  e f f e c t s  o f  the i n d i v i d u a l  parameters, t he  f o l l o w i n g  
conclusions can be made: 

1. Condenser Temperature.- A t  a g iven evaporat ion temperature, t h e  
requirements o f  the system decrease w i t h  a decrease i n  t h e  energy 

condensation temperature. 

2. Evaporator Temperature. - A t  a g iven t o t a l  evaporat ion pressure, 
t he  energy requirements o f  t he  system decrease w i th  an increase 
i n  the  evaporat ion temperature. 

3. Evaporator Pressure.- The energy requirements o f  the  system 
decrease w i t h  a decrease i n  the  evaporator t o t a l  pressure f o r  
each g iven evaporat ion temperature. 

4. Compression Ratio.- A t  a g iven evaporator pressure, t he  energy 
requirement o f  the  system passes through a minimum w i t h  an 
increase i n  the  compression r a t i o .  

Case 2. Mix ing  o f  Compressed Vapor w i t h  the  Recycle Stream A f t e r  t h e  
Compressor.- I n  t h i s  conf igura t ion ,  vapor permeated through t h e  ho l low 
f i b e r  membranes i s  compressed by a compressor t o  a pressure s l i g h t l y  above 
t h e  gas recyc le  stream pressure and mixed w i t h  t h e  recyc le  stream which i s  
c i r c u l a t e d  by a smal l  blower. The r e s u l t a n t  m ix tu re  then f o l l o w s  a path 
s i m i l a r  t o  the  prev ious case: however, t he  gas stream remains a t  a h igher  
pressure. The schematic diagram o f  t h i s  arrangement i s  shown i n  F igure 5. 
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To determine the  e f f e c t s  o f  the  opera t ing  parameters on the  energy 
requirements o f  t h i s  arrangement, several  computer runs were made a t  
evaporat ion temperatures o f  338, 343, and 353°K. To f u l l y  express t h e  
system, t h e  evaporat ion and condensation temperatures, the  percentage o f  
non-condensables and t h e  pressure i n  the  recyc le  stream must be spec i f ied .  
The recyc le  stream pressure, i n  tu rn ,  determines the  compression r a t i o  and 
the  p a r t i a l  pressure o f  t h e  mixture en ter ing .  t h e  condenser. The values of 
parameters t h a t  were s tud ied  are l i s t e d  i n  Table 5. 

The e f f e c t s  o f  t h e  compression r a t i o  on t h e  energy requirements of t h e  
system are  i l l u s t r a t e d  i n  Figure 6. As can be seen, a t  a g iven vapor 
percentage, t he  energy requirement decreases w i t h  an increase i n  t h e  
compression r a t i o .  Th is  behavior can be a t t r i b u t e d  t o  t h e  h igher  vapor 
p a r t i a l  pressures obtained a t  h igher  compression r a t i o s .  The r e s u l t s  a l s o  
show desp i te  t h e  e l im ina t i on  o f  t he  unnecessary recompression o f  t h e  
recyc le  stream, t h e  o v e r a l l  energy requirements o f  t h e  system are  n o t  
lower than i n  the  previous case. Th is  i s  because a d d i t i o n a l  energy i s  
requ i red  f o r  heat ing  t h e  recyc le stream t o  t h e  temperature o f  t h e  NH3 
o x i d a t i o n  reac to r  and f o r  r e c i r c u l a t i o n  o f  gas through t h e  system by a 
blower. 

t h a t  

The e f f e c t s  o f  the  condensation temperature on the  energy requirements 
o f  t he  system were ca l cu la ted  a t  evaporat ion temperatures o f  338 and 343°K 
(149 and 158°F). S i m i l a r l y  t o  Case 1, the  s p e c i f i c  energy decreases w i th  
a decrease i n  the  condensation temperature. 

Case 3. 

by 

Mix ing Vapor and Recycle Gas Before the  Compressor.- I n  t h i s  
con f igu ra t i on ,  the  recyc le  stream i s  mixed w i t h  low pressure vapor 
produced the  evaporator i n  a mix ing chamber be fore  being compressed by 
the  compressor. F igure  7 shows t h i s  schematic o f  t h i s  arrangement. 

The concept and energy c a l c u l a t i o n  procedure f o r  Cases 1 and 3 a re  
s i m i l a r ,  except f o r  some minor d i f fe rences :  there fore ,  i t  can be 
a n t i c i p a t e d  t o  ob ta in  i d e n t i c a l  r e s u l t s  f o r  bo th  cases under s i m i l a r  
opera t ing  cond i t ions .  The energy c a l c u l a t i o n s  f o r  t h e  two cases operated 
under severa l  i d e n t i c a l  cond i t ions  v e r i f y  t h i s  s i m i l a r i t y .  

Summary.- The cond i t ions  corresponding t o  the  minimum energy requ i re -  
ments of t h e  system can be determined by combining t h e  e f f e c t s  o f  a l l  
parameters. The energy requirements can be lowered by decreasing t h e  
condensation temperature; however, t h e  interdependence o f  t he  temperatures 
o f  condensation and evaporat ion l i m i t s  t h e  ex ten t  o f  t h e  decrease i n  
condensation temperature. The lower p r a c t i c a l  condensation temperature i s  
343°K (158°F). and i t  corresponds t o  an evaporat ion temperature o f  338°K 
(149°F). Therefore, t he  optimum compression r a t i o  and evaporator 

temperatures. 
z pressures must be considered f o r  these evaporat ion and condensation 



TABLE 5 

SYSTEMS VARIABLES FOR CASE 2 

Recyc 1 e 
Pressure, 

MPa 

% Vapor a t  the  Reactor 
Entrance 

I 

Evaporation 
Temperature , 

O K  (OF) 

Condensation 
Temperature , 

O K  ( O F )  

I 
0.6 0.8, 0.78, 0.69, 0.6 
0.075 0.8, 0.7, 0.65 
0.087 0.8, 0.68, 0.66 

0.78, 0.74, 0.69, 0.66 I 0.087 

0.109 0.78, 0.69, 0.64 
0.093 0.8, 0.66, 0.64 
0.078 0.8, 0.77, 0.68, 0.65 
0.084 0.8, 0.77, 0.7, 0.66 

0.109 0.8, 0.74, 0.69, 0.64 

0.166 0.8, 0.78, 0.7, 0.65 
0.142 0.8, 0.76, 0.59, 0.55 
0.118 0.79, 0.76, 0.7, 0.6 
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The energy requirements f o r  t h e  th ree  system con f igu ra t i ons  opera t ing  
a t  optimum cond i t ions  a re  shown i n  Table 6. Among the  th ree  mix ing 
arrangements, Case 1 i s  the  most a t t r a c t i v e  because o f  i t s  low ener y 
requirements and mechanical and opera t iona l  f e a s i b i l i t y .  Case 2 has t a e 
f o l l o w i n g  disadvantages: a) need f o r  a blower t o  r e c i r c u l a t e  t h e  gas 
stream, b) need f o r  a heater f o r  superheating the  vapor before 
compression. Case 3 i s  e s s e n t i a l l y  t he  same as Case 1 f o r  energy 
considerat ions:  however, i t  has an opera t iona l  problem associated w i t h  
mix ing  of h igh  and low pressure vapor/gas streams. 

The cond i t ions  corresponding t o  the  minimum energy requirements a re  
n o t  necessar i l y  t he  bes t  p r a c t i c a l  condi t ions.  The problems w i t h  
opera t ing  the  system under the cond i t i ons  r e s u l t i n g  i n  minimum energy 
requirements are: 

a) Operat ion o f  the  gas recyc le stream below atmospheric pressure 

b) D i f f i c u l t i e s  i n  ob ta in ing  a compressor capable o f  c r e a t i n g  the  
adequate suc t i on  f o r  the requ i red  f l o w  rate.  

Operat ional  
f o l l o w i n g  condi t ions:  

d i f f i c u l t i e s  can be e l im ina ted  by opera t ing  t h e  system a t  t h e  

Evaporat ion temperature, 343°K (158°F) 
Condensation temperature, 348°K (1 67°F) 
Compression r a t i o ,  2.56 
Evaporator pressure, 0.04 MPa 

The most p r a c t i c a l l y  f e a s i b l e  design cond i t i ons  f o r  t h e  temperatures and 
pressure a re  shown i n  F igure  8. To be on the  sa fe  s ide, cond i t ions  t h a t  
a re  somewhat harsher than optimum were used i n  these design ca l cu la t i ons .  

Design o f  System Components 

The i n d i v i d u a l  components o f  t h e  system are designed t o  implement t h e  
c o n f i g u r a t i o n  and opera t ing  parameters i d e n t i f i e d  i n  t h e  prev ious sect ion.  
The s i z e  and c o n f i g u r a t i o n  o f  each componnet are designed f o r  a three-man 
water recovery ra te ,  h ighes t  poss ib le  heat  recupera t ion  under the  process 
cond i t ions ,  and minimal e l e c t r i c a l  energy requirements. 

C a t a l y t i c  Reactors.- The ammonia o x i d a t i o n  and t h e  n i t r o u s  ox ide 
decomposition reac to rs  operate a t  h igh  temperatures, 523°K (482°F) and 
723°K (842°F) respec t ive ly .  A proper reac to r  design should i nc lude  a heat  
exchanger t o  u t i l i z e  the  energy o f  t he  h o t  mix tu res  l eav ing  the  reac to r  t o  
preheat the  incomirxj feeds. Ir! add i t j cn ,  t h e  reac to r  assembly should have 
t h e  f o l l o w i n g  cons t ruc t i on  and operat ional  features:  
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TABLE 6 

ESTIMATE OF ENERGY REQUIREMENTS FOR THE OPTIMUM AND 
BEST OPERATIONAL CONDITIONS 

Energy 

a )  Energy Needs W/O 
Recuperation 

Heating o f  u r ine  
Heating gaslvapor 

a f t e r  Compression 
t o  NH3 reactor  
temperature 

Preheating oxygen 
Heating gas t o  N20 
decomposition 
temperature 

Compressor 
L iqu id  pumps 
Gas Blower 

Total  

b) Energy Saving by 

exchanger 
Condenser 
Recycle tank heat 
exchanger 

Oxygentvent gas 
heat exchanger 

N20 reactor 
heat exchanger 

"3 reactor 
heat exchanger 

Total 

c)  Energy Required 
w i t h  Recuperation 

ases * + 
680.1 308.5 
68.6 31.1 

0.7 0.3 
5.5 2.5 

119.9 54.4 
55.1 25.0 

929.9 421.8 
- - 

34.6 15.7 

561.3 254.6 
83.8 38.0 

0.7 0.3 

4.4 2.0 

49.6 22.5 

734.4 333.1 

195.5 88.7 

690.7 313.3 
32.4 14.7 

0.5 0.2 
4.8 2.2 

131.6 59.7 
55.1 25.0 

3.7 1.7 
918.8 416.8 

34.6 15.7 

565.0 256.3 
90.4 41.0 

0.5 0.2 

3.3 1.5 

19.6 8.9 

713.4 323.6 

205.4 93.2 

Best Operational 

Ti%$%i- 

696.2 315.8 
26.5 12.0 

0.7 0.3 
4.6 2.1 

150.1 68.1 
55.1 25.0 

933.2 423.3 
- - 

39.4 17.9 

562.0 254.9 
95.0 254.9 

0.7 0.3 

4.0 1.8 

15.0 6.8 

716.1 324.8 

217.1 98.5 

*Evaporation Temperature = 338°K. Condensation Temperature = 343°K. 

**Evaporation Temperature = 338°K. Condensation Temperature = 343°K. 

Evaporator Pressure = 0.032 MPa, Non Condensables = 21%. Compression 
Rat io  = 2.13 

Evaporator Pressure = 0.087 MPa, Non Condensables = 21%, Compression 
Rat io = 3.5 

Evaporator Pressure = 0.04 MPa, Non Condensables = 22%. Compression 
Rat io = 2.56 

**Evaporation Temperature = 343"K, Condensation Temperature = 348"K, 
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a) A proper heat ing  element f o r  preheat ing t h e  r e a c t o r  du r ing  t h e  
start-up and f o r  ma in ta in ing  the  requ i red  opera t iona l  tempera- 
tures under t h e  respec t i ve  f low cond i t ions ,  

b)  Cata lys t  supports below and above the  c a t a l y s t  bed t o  promote 
mixing and heat ing  of feed mixture,  

c )  Thermocouples near the  i n l e t ,  midpoint ,  and t h e  o u t l e t  o f  t h e  
c a t a l y s t  bed f o r  measuring and c o n t r o l  1 i n g  t h e  temperature. 

Under t h e  an t i c ipa ted  opera t ing  cond i t ions ,  a combined r e a c t o r  and h e l i c a l  
c o i l  heat  exchanger i s  a s u i t a b l e  choice t h a t  can prov ide  the  necessary 
sur face area f o r  heat t r a n s f e r  i n  a l i m i t e d  space. This  type  o f  heat 
exchanger cons is ts  of a c o i l  f a b r i c a t e d  from a s t a i n l e s s  s t e e l  tube which 
i s  f i t t e d  i n  the  annular p o r t i o n  o f  two concent r i c  cy l i nde rs .  The i n s i d e  
c y l i n d e r  contains t h e  c a t a l y s t  and serves as t h e  reac tor .  The gas stream 
leav ing  reac to r  f lows through the  annulus t o  preheat the  feed f l o w i n g  
i n s i d e  the  c o i l .  A schematic cutaway view o f  t h e  reac tor /heat  exchanger 
i s  shown i n  F igure 9. Heat ing the  gas stream i n  the  NH3 o x i d a t i o n  
reac to r  does n o t  seem t o  be a problem, b u t  a spec ia l  arrangement should be 
made f o r  heat ing t h e  N20 decomposition reac tor ,  because o f  a low gas 
f l o w  ra te ,  Both reac tors  a re  p roper l y  i n s u l a t e d  t o  reduce t h e  heat 
1 osses. 

the 

The design requirements and cond i t i ons  f o r  three-man s ized reac to rs  
a re  summarized i n  Table 7. These parameters a re  based on the  processing 
r a t e  requi red f o r  a three-man crew and experience w i t h  p rev ious l y  t e s t e d  
c a t a l y t i c  reac tors  f o r  o x i d a t i o n  o f  ammonia and f o r  decomposition o f  
n i t r o u s  oxide. Each reac to r  i s  s ized  t o  conta in  a s l i g h t l y  l a r g e r  
c a t a l y s t  bed than requi red.  The ammonia o x i d a t i o n  reac to r  conta ins  220 
cm3 and the n i t r o u s  ox ide decomposition reac to r  55 cm3 o f  appropr ia te  
c a t a l y s t  mater ia l .  

The inner  tube diameter i s  determined from t h e  volume o f  t he  c a t a l y s t  
bed and the optimum leng th  t o  diameter r a t i o .  The diameter o f  t h e  heat 
exchanger c o i l  i s  obtained by the  v e l o c i t y  o f  t he  f l u i d  i n s i d e  the  c o i l  
needed t o  meet heat t r a n s f e r  and pressure drop requirements. The minimum 
clearances between the  annulus w a l l s  and the  c o i l ,  and between two 
consecut ive t u r n s  o f  t he  c o i l  should be equal. I n  our  c a l c u l a t i o n s  o f  t h e  
i n s i d e  diameter, both c learances are  taken as one-half o f  t h e  ou ts ide  
diameter of the  c o i l .  Standard s i z e  tub ing  c lose  t o  t h e  ca l cu la ted  
dimensions i s  se lected and the  clearances are p roper l y  ad justed w i t h  t h e  
new dimensions. 

The heat- t ransfer c o e f f i c i e n t  i n  the  annulus, ho, i s  ca l cu la ted  
us ing  t h e  fo l l ow ing  equation: 
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TABLE 7 

CATALYTIC REACTOR DESIGN PARAMETERS 

a) NH3 Ox ida t ion  Reactor Assembly 

Operat ional  Temperature, O K  ( O F )  

Operat ional  Pressure, MPa (ps ia )  

Mix ture Flow Rate, kg/hr  ( l b / h r )  

A P  across bed, cm H20 

523 (482) 

0.1075 (15.6) 

1.314 (2.897) 

1.4 

b) N20 Decomposition Reactor Assembly 

Operat ional  Temperature, O K  ( O F )  723 (842) 

Operat ional  Pressure, MPa (ps ia )  0.1013 (14.7) 

Mix ture Flow Rate, kg/hr  ( l b / h r )  0.0194 (0.0428) 

A P  across bed, cm H20 1 
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. 

hoDc/k 0.6 N P ~ ' * ~ ' *  , f o r  50 < NRe < 1OOOO ( 1 )  

The heat- t ransfer  c o e f f i c i e n t  o f  t h e  f l u i d  f l o w i n g  i n s i d e  t h e  c o i l ,  based 
on the  i n s i d e  diameter, h i ,  can be obtained us ing a method f o r  a 
s t r a i g h t  tube, such as a p l o t  o f  t h e  Colburn f a c t o r ,  j h ,  versus Reynolds 
number. That must then be corrected f o r  a c o i l e d  tube as fo l lows:  

The area needed f o r  heat t r a n s f e r  i s  determined from t h e  heat load and t h e  
log-mean-temperature-difference. The temperature d i f f e r e n c e  i s  cor rec ted  
t o  take  i n t o  account t h e  f a c t  t h a t  t h e  f l u i d s  a re  f l o w i n g  perpendicu lar  t o  
each other.  

The pressure drop i n s i d e  the c o i l  and i n  t h e  annulus i s  obtained from 
t h e  f l u i d  f l o w  equation: 

A P / L  = 32 f W2 / IT' P gcD5 ( 3 )  

The Fanning f a c t o r ,  f, i s  def ined by t h e  Colebrook equation: 

where i s  t h e  p ipe  roughness. Pressure drops due t o  t h e  j o i n t s ,  valves and 
sudden expansion and cont rac t ion  were c a l c u l a t e d  from t h e  tabu la ted  values 
o f  f r i c t i o n - l o s s  f a c t o r s  o f  each obstacle.  The c a l c u l a t e d  s izes  and 
geometries o f  t h e  "3-oxidation and N20-decomposition assemblies a re  
presented i n  Table 8. 

Condenser.- The heat o f  condensation i s  t h e  major source o f  energy i n  
This  energy should be u t i l i z e d  i n  a 

condenser assembly t o  heat t h e  u r i n e  r e c y c l e  stream t o  t h e  evapora- 
t h e  c a t a l y t i c  water recovery process. 
proper 
t i o n  temperature. The condenser should a l s o  be capable o f  condensing 

* The nomenclature o f  constants and o ther  terms used i n  equations i s  
presented on page 4 o f  t h i s  repor t .  
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TABLE 8 

DESIGN DIMENSIONS OF THE REACTOR/HEAT 
EXCHANGER ASSEMBLIES 

a) NH3 Oxidat ion Reactor Assembly 

I n s i d e  D iameter  o f  the  Reactor, cm 
Outside Diameter o f  t h e  Reactor, cm 
Volume o f  Cata lys t ,  cm3 
Bed Depth, cm 
I n s i d e  Diameter o f  the  Co i l ,  cm 
Outside Diameter o f  t h e  Co i l ,  cm 
Length o f  t he  H e l i c a l  Co i l ,  cm 
Number o f  Turns o f  C o i l  
C o i l  P i tch,  cm 
H e l i x  Height, cm 
Pressure Drop I n s i d e  the  Co i l ,  cm H20 

4.8 
5.1 
220 

13.2 
1.1 
1.3 

548.6 
23 

1.9 
44.9 

2.5 

b)  N20 Decomposition Reactor Assembly 

I n s i d e  Diameter o f  the  Reactor, cm 
Outside Diameter o f  t he  Reactor, cm 
Volume o f  Cata lyst ,  cm3 
Bed Depth, cm 
I n s i d e  Diameter o f  t he  C o i l ,  cm 
Outside Diameter o f  t he  C o i l ,  cm 
Length o f  t he  H e l i c a l  C o i l ,  cm 
Number o f  Turns o f  C o i l  
C o i l  P i tch,  cm 
H e l i x  Height, cm 
Pressure Drop Ins ide  the  Co i l ,  cm H20 

2.5 
5.4 

55 
9.6 
0.5 
0.6 

18.2 
14 

0.9 
14.0 
0.35 
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water  vapor i n  t h e  presence o f  noncondensable gases and separat ing the  
recovered water from the  gas phase. Based on prev ious experience, a 
concept u t i l i z i n g  a porous tube f o r  condensing t h e  recovered water was 
found t o  be the  most s u i t a b l e  f o r  t h i s  purpose. 

I n  a condenser, t he  r a t e  of condensation from a sa tura ted  m ix tu re  of 
vapor and noncondensable gas i s  governed p r i m a r i l y  by t h e  thermal 
res i s tance  o f  t he  i n t e r f a c e  between the  vapor-gas phase and t h e  condensate 
f i l m .  Furthermore, condensation from a vapor-gas m ix tu re  does n o t  oc'cur 
a t  a n e a r l y  constant  temperature as i n  t h e  case o f  pure vapor. Instead, 
due t o  the  change i n  t h e  mass r a t i o  o f  vapor and non-condensable gases, 
t h e  temperature decreases as the  m ix tu re  progresses through t h e  
condenser. When a vapor-gas m ix tu re  i s  fed  t o  a condenser and t h e  
temperature o f  t h e  condenser sur face i s  below t h e  dew po in t ,  a f i l m  of 
condensate forms on t h e  surface and a f i l m  o f  non-condensable gas and 
vapor c o l l e c t s  about it. I n  order  f o r  t he  vapor i n  t h e  gas body t o  
cont inue condensing i n t o  the  condensate f i l m ,  i t  must be d r i v e n  across t h e  
gas f i l m  by t h e  d i f f e r e n c e  between t h e  p a r t i a l  pressure o f  t h e  vapor i n  
t h e  gas body and i n  t h e  condensate. Therefore, t he  r a t e  a t  which t h e  
steam condenses i s  no longer  dependent e n t i  r e l y  upon Nussel t ' s  condensing 
mechanism b u t  upon laws governing d i f f u s i o n .  When vapor d i f f u s e s  through 
a gas f i l m  and l i q u i f i e s  a t  t h e  surface, i t  a l s o  c a r r i e r  w i t h  i t  i t s  
l a t e n t  heat o f  condensation. I n  add i t i on ,  t he re  i s  a l so  a temperature 
d i f f e r e n c e  between t h e  gas and the  condensate f i l m  by which t h e  gas 
sens ib l y  cools. To accurate ly  model t h i s  condensation process, i t  i s  
necessary t o  use a stepwise numerical analys is ,  i.e., one i n  which t h e  
l e n g t h  o f  t h e  condenser i s  d iv ided i n t o  a se r ies  o f  f i n i t e  elements. It 
i s  a l s o  necessary t o  consider t h e  v a r i a t i o n  o f  l o c a l  thermodynamic 
p r o p e r t i e s  o f  t h e  gas mix tu res  and t h e i r  e f f e c t  on t h e  l o c a l  heat  and mass 
t r a n s f e r  c o e f f i c i e n t s  f o r  each f i n i t e  element. One method o f  condenser 
design which s a t i s f i e s  the  above requirement i s  t h e  Colburn and Hougen 
technique. A three-man capaci ty  tube and s h e l l  t ype  condenser was 
designed by t h i s  technique us ing  design f a c t o r s  summarized i n  Table 9. 

Ranges o f  porous tube and jacke t  diameters were se lec ted  on t h e  bas is  
o f  t h e  f l u i d  v e l o c i t y  needed t o  p rov ide  h igh  heat t r a n s f e r  r a t e  combined 
w i th  a low pressure drop. The requ i red  condenser sur face  area was then 
ca l cu la ted  f o r  d i f f e r e n t  combinations o f  diameters, and the  optimum s e t  
was selected. The ca lcu la ted  dimensions were ad jus ted  t o  convenient 
diameters o f  commercial ly a v a i l a b l e  tubes, then t h e  l eng th  requ i red  f o r  
o b t a i n i n g  t h e  necessary surface area was ca lcu la ted .  Table 10 shows 
dimensions o f  t he  condenser components. The annulus and t h e  tube s ide  
heat  t r a n s f e r  c o e f f i c i e n t s  were computed from t h e  Sieder and Tate 
c o r r e l a t i o n .  The m ix tu re  dew p o i n t  a long the  condenser and the  o v e r a l l  
heat  t r a n s f e r  c o e f f i c i e n t  were evaluated from the  f o l l o w i n g  heat balance: 
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TABLE 9 

DESIGN CONDITIONS FOR THE CONDENSER 

Feed Rate 

Steam, kg/hr ( l b / h r )  0.751 (1.65) 

Non Condensables, kg/hr ( lb /h r )  0.563 (1.24) 

Condenser 

I n l e t  Temperature, O K  ( O F )  366.5 (200) 

O u t l e t  Temperature, O K  ( O F )  353 (176) 

Pressure, MPa ( p s i  a)  0.107 (15.5) 

Coolant L i q u i d  

F l o w  Rate, kg/hr ( l b / h r )  52.2 (115.1) 

I n l e t  Temperature, O K  ( O F )  348 (167) 

O u t l e t  Temperature, O K  ( O F )  353 (176) 



TABLE 10 

DESIGN DIMENSIONS OF THE CONDENSER 

Porous Tube 

I n s i d e  Diameter, cm 

Outside Diameter, cm 

Length, cm 

Inner Tube 

I n s i d e  Diameter, cm 

Outside Diameter, cm 

Outer Jacket 

I n s i d e  Diameter, cm 

Outside Diameter, cm 

Length, cm 

1.9 

2.5 

56.6 

2.8 

3.2 

3.5 

3.8 

57.1 
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To ca l cu la te  the  requ i red  surface area, t h e  condenser was d i v i d e d  i n t o  a 
se r ies  o f  f i n i t e  elements. The o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  and t h e  

o i n t  f o r  each element were ca l cu la ted  from Equat ion 5. The area was 
dew ca lcu  7 ated by numer ica l l y  i n t e g r a t i n g  the  Newton equat ion.  

The schematic of t he  condenser assembly i s  shown i n  F igure  10. The 
inne r  tube and the  ou ter  j a c k e t  a re  f a b r i c a t e d  from standard s i z e  t h i n  
w a l l  s ta in less  s t e e l  tub ing,  and the  porous tube i s  a l s o  seamless and 
commercially ava i lab le .  The coo lan t  l i q u i d  i s  in t roduced t a n g e t i a l l y  and 
f lows i n  the annular reg ion  between t h e  i nne r  tube and t h e  ou te r  jacke t .  
The i n l e t  and e x i t  p o r t s  f o r  t h e  vapor-gas m ix tu re  a re  l oca ted  a t  t h e  two 
ends o f  t h e  porous tube, and t h e  m ix tu re  f lows countercur ren t  t o  t h e  
coo lan t  f l o w .  A gap between the  porous tube and t h e  i n n e r  tube prov ides 
t h e  To reduce t h e  amount 
o f  heat losses, t he  condenser assembly i s  h e a v i l y  insu la ted .  

passage f o r  c o l l e c t i n g  t h e  recovered condensate. 

Evaporator.- A ho l low f i b e r  evaporator w i l l  be used i n  t h e  system. 
Hot u r i n e  i s  c i r c u l a t e d  through the  ho l low f i b e r s ,  w h i l e  t h e  ou ts ide  
sur faces o f  t h e  f i b e r s  a re  exposed t o  a low p a r t i a l  pressure o f  water 
vapor, The heat o f  evaporat ion i s  prov ided by 
t h e  h o t  u r i ne  f l ow ing  i n s i d e  o f  t h e  f i b e r s .  

causing steam t o  evaporate. 

The hol low f i b e r  made from Nafion, a pe r f l uo ro -su l fon i c  a c i d  ion-  
exchange mater ia l ,  i s  t he  prime choice. Permeab i l i t y  o f  these f i b e r s  f o r  
water vapor was est imated from the  publ ished exper imental  data o f  t he  
TIMES water recovery u n i t .  Th is  value, cor rec ted  f o r  our  opera t ing  
cond i t ions ,  was used t o  c a l c u l a t e  t h e  membrane area. Changes i n  t h e  
membrane c h a r a c t e r i s t i c  and water vapor pressure lower ing  i n  t h e  r e c y c l e  
stream due t o  h igher  s o l i d  concentrat ions were considered i n  the  design o f  
t h e  membrane evaporator. The pe rmeab i l i t y  o f  t h e  f i b e r s  and t h e  pressure 
drop i n s i d e  the  f i b e r s  were ca l cu la ted  from t h e  f o l l o w i n g  equations: 

The evaporator opera t ing  cond i t i ons  and the  design dimensions a re  
summarized i n  Tables 11 and 12. F igure  11 shows t h e  schematic o f  t he  
evaporator.  The ho l low f i b e r s  w i l l  be manifolded together  i n t o  severa l  
bundles by connector headers made of s i l i c o n e  rubber o r  o the r  s u i t a b l e  
ma te r ia l .  The bundles w i l l  be bonded i n  a c y l i n d r i c a l  t h i n  w a l l  s t a i n l e s s  
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Thermocouple Steam O u t l e t  

Figure 10 SCHEWTIC OF THE CONDENSER 
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TABLE 11 

DESIGN CONDITIONS FOR THE EVAPORATOR 

Ur ine  

F l o w  r a t e ,  kg/hr ( l b / h r )  

I n l e t  Temperature, O K  ( O F )  

Out le t  Temperature, O K  ( O F )  

Vapor 

F l o w  r a t e ,  kg/hr ( l b / h r )  

Temperature, O K  ( O F )  

52.2 (115.1) 

354 (178) 

348 (167) 

0.551 (1.21)  

343 (158) 
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TABLE 12 

DESIGN DIMENSIONS FOR THE EVAPORATOR 

F iber  - 
I n s i d e  Diameter, mm 0.625 

Outside Diameter, mm 0.875 

Length, mm 300 

Number 1576 

She1 1 

Length, cm 

Diameter, cm 

Lower Section 

Length, cm 

Diameter, cm 

30.5 

22.8 

7.6 

15.2 
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s t e e l  c a r t r i d g e  assembly. The evaporator w i l l  be equipped w i t h  a l i q u i d  
t r a p  t o  t r a p  any l i q u i d  breakthrough t h a t  might  e x i s t  from a f a i l e d  
membrane c o n d i t i o n  and a sensor t o  s igna l  t h e  breakthrough o f  l i q u i d .  The 
l i q u i d  t r a p  w i l l  be a hydrophobic screen t h a t  a l lows steam t o  f low through 
i t  and r e t a i n s  the  l i q u i d .  The l i q u i d  t r a p  and sensor w i l l  be e a s i l y  
removable from t h e  assembly f o r  maintenance and/or repa i rs .  

Feed Heat Exchangers.- There a re  two feed streams en te r ing  t h e  system: 
u r i n e  and oxygen. The u r i n e  feed w i l l  be preheated by t h e  product  water, 
and t h e  oxygen feed w i l l  be preheated by t h e  h o t  gas m ix tu re  l eav ing  t h e  
n i t r o u s  ox ide decomposition reactor.  Due t o  the  low f l o w  ra tes  and smal l  
heat  t r a n s f e r  areas requ i red  f o r  these feed streams, a double p ipe  heat  
exchanger shown i n  F igure 12 i s  a s u i t a b l e  choice. I n  t h e  u r i n e  feed heat 
exchanger, u r i n e  f lows i n s i d e  t h e  i nne r  tube and the  condensed water f lows 
i n  the  annular reg ion  between t h e  i nne r  and the  ou ter  tubes. I n  t h e  
oxygen feed exchanger, the  gas m ix tu re  f lows i n s i d e  the  i nne r  tube and 
oxygen f lows i n  t h e  annular region. The p r i n c i p a l  p a r t s  o f  t h i s  k i n d  o f  
heat  exchangers a re  two se ts  o f  concent r i c  tubes, f o u r  connect ing tees and 
a r e t u r n  bend. The inne r  pipe i s  supported w i t h i n  the  ou te r  p ipe  by 
packing glands and the  f l u i d  en ters  t h e  i nne r  p ipe  through a connect ion 
l oca ted  ou ts ide  the  exchanger sect ion.  The tees are  connected together  t o  
pe rm i t  e n t r y  and e x i t  o f  the annulus f l u i d  which crosses from one l e g  
t o  the  o ther  through a re tu rn  head. The two lengths  o f  i nne r  p ipe  a re  
connected by a r e t u r n  bend which i s  exposed and does n o t  p rov ide  heat  
t r a n s f e r  surface. 

t he  

Double p ipe  heat  exchangers were designed f o r  t h e  u r i n e  and oxygen 
feeds us ing  design fac to rs  summarized i n  Tables 13 and 14. The heat  
t r a n s f e r  c o e f f i c i e n t s  were obtained from t h e  f o l l o w i n g  equation: 

The c a l c u l a t i o n  cons is t s  o f  computing the  heat t r a n s f e r  c o e f f i c i e n t  f rom 
t h e  above equat ion and ob ta in ing  t h e  sur face area from t h e  Four ie r  
equation. The ca l cu la ted  dimensions o f  t he  heat exchangers a re  shown i n  
Tables 15 and 16. 

Recycle Tank.- A f t e r  leav ing the  condenser, t h e  r e c y c l i n g  u r i n e  w i l l  
be f u r t h e r  heated by t h e  h o t  vapor/gas m ix tu re  l eav ing  the  NH o x i d a t i o n  

heater  w i l l  be i n s t a l l e d  i n  t h e  tank f o r  preheat ing the  recyc le  f l u i d  
du r ing  start-up. 

reac tor ,  us ing  an appropr ia te  heat ing  loop b u i l t  i n  t h e  recyc 7 e tank.  A 

The heat t r a n s f e r  c o e f f i c i e n t  f o r  t h e  tube s ide  was ca l cu la ted  from 
equat ion ( I ) ,  and i t  was corrected for B c o i l e d  t h e  by o q ~ s t i o n  (2).  The 
s h e l l  s i de  c o e f f i c i e n t  was determined from equat ion (8) by s u b s t i t u t i n g  
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TABLE 13 

L 

DESIGN CONDITIONS FOR THE 
URINE FEED HEAT EXCHANGER 

Flow Rate 

Urine,  kg/hr ( l b / h r )  

I n l e t  Temperature 

Urine,  O K  ( O F )  

Water, O K  (OF) 

O u t l e t  Temperature 

Urine,  O K  ( O F )  

Water, O K  (OF) 

0.587 (1.29) 

0.546 (1.20) 

298 (77) 

353 (176) 

333 (140) 

308 (95) 
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TABLE 14 

DESIGN CONDITIONS FOR THE 
OXYGEN FEED HEAT EXCHANGER 

Flow Rate 

Oxygen, kg/hr ( l b / h r )  

Vapor/gas, kg/hr ( 1  b/hr)  

0.027 (0.059) 

0.019 (0.042) 

I n l e t  Temperature 

Oxygen, O K  ( O F )  

Vapor/gas, O K  ( O F )  

O u t l e t  Temperature 

Oxygen, O K  ( O F )  

Vapor/gas, O K  ( O F )  

298 (77)  

373 (212) 

353 (176) 

308 (95)  
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Inner Tube 

TABLE 15 

DESIGN DIMENSIONS OF THE 
URINE FEED HEAT EXCHANGER 

Ins ide  Diameter, cm 

Outside Diameter, cm 

Outer Tube 

Ins ide  Diameter, cm 

Outside Diameter, cm 

Tube Length, cm 

0.33 

0.47 

0.65 

80.74 

126.5 
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TABLE 16 

DESIGN DIMENSIONS OF THE 
OXYGEN FEED HEAT EXCHANGER 

Inner  Tube 

Ins ide Diameter, cm 

Outside Diameter, cm 

Outer Tube 

Ins ide Diameter, cm 

Outside Diameter, cm 

Tube Lenqth, cm 

0.33  

0.48 

0.62 

0.79 

33.3 

4 
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t h e  equivalent  diameter De f o r  D. The equivalent  diameter was obtained 
by c a l c u l a t i n g  t h e  non occupied volume o f  the  vessel V f ,  and using t h e  
fol lowing equation: 

4v, 

The schematic o f  t h e  r e c y c l e  tank i s  shown i n  Figure 13; i t  w i l l  be 
fabricated from thin-walled stainless s t e e l  tubing. 
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FABRICATION 

The bas ic  components o f  the subsystem are the  two c a t a l y t i c  reactors ,  
evaporator,  condenser, u r i n e  recyc le  tank and t h e  heat exchangers. The 
f a b r i c a t i o n  o f  a l l  t h e  components was based on t h e  design concept and 
c a l c u l a t e d  dimensions; however, s ince  commercial ly q v a i l a b l e  t h i n - w a l l  
#304 s t a i n l e s s  s t e e l  t ub ing  was used, the  design dimensions were s l i g h t l y  
ad justed t o  conform t o  standard tub ing sizes.  

Ammonia Ox ida t ion  Reactor 

Figures 14 and 15 show t h e  schematic cutaway and cross sec t i ona l  views 
o f  t he  ammonia o x i d a t i o n  reactor :  F igures 16, 17, 18 and 19 show the  
ac tua l  components, t h e i r  arrangement and t h e  completed reac tor .  

A F i r e  rod  c a r t r i d g e  heater (0.95 cm (3/8") 0.D. 30.5 cm (12" long),  
400 wat ts)  s i t u a t e d  i n  the  center o f  t h e  assembly and surrounded by a 1.27 
cm (1/2") d iameter heater  housing tube i s  used f o r  preheat ing t h e  reac to r  
d u r i n g  s ta r t -up  and f o r  mainta in ing the  requ i red  opera t iona l  temperature 
under the  a n t i c i p a t e d  f l o w  condi t ions.  A c a t a l y s t  bed c o n s i s t i n g  o f  2509 
o f  0.5% P t  on 0.32 cm (1/8") alumina p e l l e t s  i s  placed i n  t h e  annulus 
created by the  heater  housing tube and the  reac to r  wa l l .  The volume of 
t h i s  annulus i s  somewhat l a rge r  than t h e  ca l cu la ted  volume o f  ca ta l ys t ;  
thus,  i t  can accommodate add i t i ona l  c a t a l y s t ,  i f  requi red.  The c a t a l y s t  
bed i s  enclosed and supported by pe r fo ra ted  p l a t e s  a t  each end. A p o r t  
was prov ided f o r  i n t roduc ing  c a t a l y s t  t o  the  c a t a l y s t  bed. I n i t i a l l y  
t h r e e  thermocouples, one a t  each end and i n  t h e  center  o f  t h e  c a t a l y s t  
bed, were i n s t a l l e d  f o r  measuring and c o n t r o l l i n g  t h e  temperature. But 
du r ing  the  system t e s t i n g ,  a leak was detected i n  t h e  thermocouple we l l ,  
thus one o f  t h e  thermocouples was removed and i t s  w e l l  was permanently 
sealed. A heat exchanger c o i l  f o r  preheat ing t h e  feed w i t h  t h e  product  
stream surrounds the  reac to r  and i s  enclosed by t h e  ou ts ide  tube. Two 
thermocouples a re  i n s t a l l e d  i n  t h e  annulus t o  measure the  i n l e t  and t h e  
o u t l e t  The e n t i r e  assembly 
was the rma l l y  i n s u l a t e d  by b lanket  type, h igh  temperature i n s u l a t i o n  t o  
minimize heat losses t o  the  atmosphere. 

temperatures o f  t he  gas stream t o  the  annulus. 

The gas/vapor mix tu re  from t h e  compressor en ters  the  heat exchanger 
c o i l  a t  t h e  t o p  o f  t h e  reactor  and i s  preheated by t h e  outgoing stream. 
The m ix tu re  then f lows ins ide  t h e  annulus between t h e  heater  and i t s  
housing and i s  f u r t h e r  heated t o  t h e  des i red  temperature. The h o t  
gadvapor  m ix tu re  passes through the  c a t a l y s t  bed and i s  d i r e c t e d  t o  t h e  
annulus surrounding t h e  heat exchanger c o i l  through t h e  holes a t  t h e  lower 
sec t i on  o f  t h e  assembly and flows through t.he annulus preheat ing the  feed 
f l ow ing  i n s i d e  t h e  c o i l  and leav ing t h e  r e a c t o r  assembly a t  t h e  o the r  end. 
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Figure 15 CROSS SECTIONAL VIEWS OF THE END-PL,ATES 
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N20 Decomposition Reactor 

The i n i t i a l  design considered an N20 decomposition r e a c t o r  s i m i l a r  
t o  the  NH3 ox ida t i on  reac tor .  Test ing,  however, i n d i c a t e d  t h a t  t h e  
f lowra te  was t o o  low f o r  achiev ing any meaningful heat  t rans fe r  i n  t h e  
heat  exchanger and, i n  f a c t ,  t h e  e n t i r e  assembly ad justed i t s e l f  t o  one 
o v e r a l l  temperature. Thus, t he  design was changed t o  a s imple heated 
f low-through reactor ,  shown i n  F igure  20. 

The reac tor  i s  f ab r i ca ted  from s t a i n l e s s  s t e e l  t ub ing  (2.2 cm (0.87") 
ID, 2.54 cm (1") OD, 12.7 cm (5") long). A c a r t r i d g e  heater  (1.27 cm 
(1/2"), 10.2 cm (4"). 100 wat ts )  i s  i n s t a l l e d  i n  t h e  center  o f  t h e  tube. 
The annulus created by the  heater  and t h e  tube conta ins  t h e  c a t a l y s t  bed 
which i s  enclosed and supported by pe r fo ra ted  p l a t e s  a t  each end. The 
reac to r  contains 49 g (0.32 cm (1/8")) c a t a l y s t  p e l l e t s .  A thermocouple 
i s  i n  the  middle o f  the  reac to r  t o  measure t h e  bed temperature. 
The reac to r  i s  h e a v i l y  i nsu la ted  w i t h  h igh  temperature i n s u l a t i o n  
mater ia l .  

i n s t a l l e d  

Evaporator 

The schematic cutaway o f  t h e  evaporator i s  shown i n  F igure  21. The 
evaporator cons is ts  o f  t h ree  main par ts :  t he  conta iner ,  t he  ho l low f i b e r  
bundle ho lder  and the  f i b e r  bundles. The conta iner  i s  f a b r i c a t e d  f rom 
standard s ize  (14.9 cm (5.87") ID, 15.2 cm (6") OD) t h i n - w a l l e d  s t a i n l e s s  
s t e e l  tub ing,  A t  a 5 cm (2") d is tance from t h e  bottom, a r i n g  i s  welded 
i n s i d e  t h e  conta iner  t o  ho ld  the  bundle ho lder  and a con ica l  s t a i n l e s s  
s t e e l  screen which i s  coated w i t h  Te f lon  and conta ins  l i q u i d  sensor 
e lec t rodes  i n s t a l l e d  a t  i t s  apex. The screen covers the  vapor e x i t  
openings f o r  r e t a i n i n g  l i q u i d  u r i n e  t h a t  may escape due t o  a f a i l e d  
membrane. The vapor/gas i n l e t  and o u t l e t  connectors and thermocouple 
connectors are a l l  i n s t a l l e d  on the  container.  

The bundle ho lder  i s  a l so  fab r i ca ted  from s t a i n l e s s  s t e e l  and cons is t s  
o f  two headers connected t o  each o ther  by th ree  support  rods. S i x  bored 
through Swagelok b o l t s  are brazed t o  each header t o  p rov ide  connect ions 
f o r  mounting the ho l low f i b e r  bundles t o  the  assembly. The l i q u i d  
entrance and e x i t  t o  t h e  evaporator and thermocouple connectors a re  
loca ted  on top o f  t he  bundle ho lder .  The bundle ho lder  can be separated 
from the  conta iner  f o r  mounting the  ho l low f i b e r  bundles. The bundle 
ho lder  and the conta iner  a re  b o l t e d  together ,  and rubber gaskets a re  used 
a t  a l l  j o i n t s  t o  ensure good leak - t i gh t  seals.  The evaporator was 
the rma l l y  insu la ted  by b lanket  type i n s u l a t i o n .  
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. 

S i x  hol low f i b e r  bundles w i t h  t o t a l  sur face  area o f  about 0.69 m2 
(7.4 ft2) were prepared from Nafion (a pe r f l uo r ina ted  i o n  exchange 
olymer) 0.86 mm OD] obta ined from Permapure 

b o d u c t s .  i n d i v i d u a l  f i b e r s  were manifo ded together  a t  each end by 
s t a i n l e s s  s tee l  tube headers. Each header was made by fas ten ing  a screen 
i n s i d e  a cm (1") OD, 5 cm (2") long s t a i n l e s s  s t e e l  t ub ing  a t  a 2 cm 
(0.75") d is tance from one end. The openings o f  t h e  screen were o n l y  
s l i g h t l y  l a rge r  than the  diameter of t h e  f i b e r  t o  a l l ow  passage o f  t h e  
ho l low f i be rs .  The space between f i b e r s  i n s i d e  t h e  tube was f i l l e d  w i t h  
epoxy A Swagelok n u t  and f e r r u l e s  were 
t igh tened on each header t o  p rov ide  l eak  t i g h t  connections between t h e  
bundles and the  bundle holders.  F igure  22 shows t h e  f i b e r  bundle and i t s  
components. Three o f  t he  mounted bundles a re  shown i n  F igure  23. The 
sequence o f  the evaporator assembly i s  dep ic ted  i n  F igures 24, 25 and 26. 

tub ing (0.61 mm I D ,  

2.5 

The 

glue, p rov id ing  a leak  t i g h t  seal. 

Heated u r i n e  en ters  the  evaporator a t  t h e  t o p  o f  t h e  assembly, f l ows  
downward through t h e  hol low f i b e r  membranes and leaves t h e  evaporator 
through the  c e n t r a l  tube. The vapor/gas m ix tu re  f rom t h e  recyc le  stream 
enters  a t  the t o p  o f  t h e  evaporator and becomes enr iched by t h e  vapor 
permeating the w a l l  o f  t he  ho l low f i be rs .  The vapor/gas m ix tu re  then 
passes through the  l i q u i d  t r a p  and leaves the  evaporator a t  t h e  'bottom end 
o f  t h e  assembly. 

Condenser 

The schematic o f  t he  condenser i s  shown i n  F igure  27. The inne r  tube 
and outer j acke t  o f  t he  condenser a re  fab r i ca ted  from s t a i n l e s s  s t e e l  
t ub ing  (4.4 cm (1.74") I D ,  4.7 cm (1.87") OD and 6.1 cm (2.4") I D ,  6.3 cm 
(2.5") OD, respec t i ve l y ) .  The porous tube was const ructed by r o l l i n g  a 
0.32 cm (0.125") t h i c k  porous copper sheet and s i l v e r  b raz ing  t h e  s ides  
together .  Steam i s  in t roduced t a n g e n t i a l l y  and f lows i n  the  annular 
reg ion  between t h e  porous tube and the  ou te r  jacke t .  The i n l e t  and e x i t  
p o r t s  f o r  the u r i n e  a re  loca ted  a t  t he  two ends o f  t he  i nne r  tube, and t h e  
u r i n e  f lows countercurrent  t o  the  vapor/gas f low. A c a p i l i a r y  gap 
between the  i nne r  tube and the  porous tube prov ides the  passage f o r  
c o l l e c t i n g  the recovered condensate. Due t o  t h e  h igher  than atmospheric 
pressure i n  the  condenser, the  condensate i s  pushed o u t  au tomat ica l l y .  
The f low r a t e  o f  t h e  condensate i s  c o n t r o l l e d  by a d j u s t i n g  a meter ing 
va lve  Connectors a re  prov ided on 
t h e  ou te r  j acke t  f o r  thermocouples, pressure gauge and pressure r e l i e f  
valve.  The condenser i s  h e a v i l y  i nsu la ted  by b lanket  type  i n s u l a t i o n  
ma te r ia l .  P i c tu res  of t h e  ac tua l  components and assembly a re  shown i n  
F igures 28, 29 and 30. 

t h e  

located a t  t he  end o f  t he  recovery l i n e .  

Ur ine  Recycle Tank - The cutaway and the  completed views of t h e  u r i n e  
recyc le  tank are  shown i n  Figures 31 and 32. The recyc le  tank i s  
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f a b r i c a t e d  from s t a i n l e s s  s tee l  t u b i n g  (9.8 cm (3.87") ID,  10.1 cm (4") 
OD). A c a r t r i d g e  heater (0.95 cm (3/8") OD, 12.7 cm (5") long, 300 wat ts )  

ma ln ta in ing  t h e  temperature dur ing t h e  run, as needed. Two thermocouples 
are  f o r  measuring and c o n t r o l l i n g  t h e  temperature o f  t h e  ur ine .  
A heat  exchanger c o i l  i s  i n s t a l l e d  i n s i d e  t h e  tank f o r  preheat ing t h e  
u r i n e  w i t h  t h e  gas stream leav ing t h e  ammonia o x i d a t i o n  reactor .  Dur ing 
start-up, bypasses the  evaporator and en ters  t h e  t o p  o f  t h e  r e c y c l e  
tank. The heated u r i n e  then leaves a t  t h e  bottom o f  t h e  tank and j o i n s  
t h e  r e c y c l i n g  stream. Dur ing the run, t h e  r e c y c l i n g  u r i n e  passes through 
t h e  evaporator and some p o r t i o n  o f  i t  f o l l o w s  t h e  previous path through 
t h e  r e c y c l e  tank t o  mainta in  t h e  des i red temperature. 

s i t u a t e d .  i n  t h e  center  i s  used f o r  preheat ing dur ing  t h e  s ta r t -up  and f o r  

i n s t a l l e d  

u r i n e  

91 ower/Compressor 

The process requ i res  a small blower/compressor f o r  r e c i r c u l a t i n g  and 
compressing t h e  vapor/gas mixture and f o r  preheat ing t h e  mix tu re  by 
compression be fore  e n t e r i n g  the NH3 o x i d a t i o n  reactor .  I n  t h e  s e l e c t i o n  
of t h e  compressor t h e  f o l l o w i n g  po in ts  were considered: 

a) Commercial avai  1 ab i  1 i ty,  
b) Low power requirement, 
c)  C a p a b i l i t y  t o  wi thstand h i g h  temperatures so t h a t  t h e  compressor 

be i n s u l a t e d  and t h e  heat o f  compression t rans fered  t o  t h e  

d) High chemical r e s i s t i v i t y ,  
e) 

could 
process gas ins tead o f  being l o s t  t o  t h e  atmosphere, 

C a p a b i l i t y  t o  compress w e t  vapors. 

One type o f  compressor which i s  capable o f  compressing wet vapors 
w i t h o u t  damage i s  screw type compressor. But t h e  problem i s  t h a t  a l l  t h e  
commercial ly a v a i l a b l e  compressors o f  t h i s  type are  t o o  l a r g e  f o r  t h i s  
a p p l i c a t i o n  and do n o t  meet o ther  requirements. 

I n  view o f  these problems, a bel lows type blower which met most of t h e  
requirements was obtained from Metal Bel lows Corporation. Two d i f f e r e n t  
vers ions o f  t h e  compressor were t r i e d  i n  t h e  system. F i r s t ,  a h i g h  
temperature vers ion  (Model MB-158 HT) w i t h  186 W motor was i n s t a l l e d  i n  
t h e  system. However, a s g n i f i c a n t  temperature r i s e  o f  t h e  process gas 
a f t e r  compression was n o t  achieved, probably due t o  h i g h  termal losses. 
Another vers ion (Model MB- 58) o f  t h e  same blower which has s i m i l a r  
compression c h a r a c t e r i s t i c s  and comes w i t h  a 75 W motor was s u b s t i t u t e d  
f o r  t h e  f i r s t  one. Major problem w i t h  these blowers i s  t h e i r  s e n s i t i v i t y  
t o  condensing vapor. The bellows tend t o  r u p t u r e  when even a smal l  amount 
o f  l i q u i d  condenses i n  them; however, t h i s  problem was p a r t i a l l y  
e l im ina ted  by operat ing t h e  compressor upside down. The o ther  problem 
which could n o t  be solved was the i n e f f i c i e n c y  o f  t h e  motors. The motors 
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achieve only  30% e f f i c i e n c y :  thus, t h e  power requirement of even t h e  
smal ler  model was r a t h e r  high. 

L i q u i d  Pumps 

I n i t i a l l y  a smal ler  gear pump which was capable o f  pumping about 600 
ml/min u r ine  through t h e  system wi th  13 wat ts  power requirement was 
i n s t a l l e d  i n  t h e  system. Dur ing a l a t e r  p a r t  o f  t h e  t e s t i n g ,  when t h e  
e f f e c t s  o f  u r i n e  c i r c u l a t i o n  r a t e  on t h e  vapor p roduc t ion  r a t e  was i n v e s t i -  
gated, t h i s  pump was rep laced by a much s t ronger  magnetic d r i v e  gear pump 
which can pump up t o  322 L/h. For t h e  requ i red  u r i n e  c i r c u l a t i o n  r a t e  o f  
950 m l / m i n ,  t he  e x i s t i n g  pump i s  much t o o  s t rong than a c t u a l l y  needed and 
can be replaced w i t h  a smal le r  one, reducing power requirements. 

System Packaging 

A s u i t a b l e  arrangement o f  components min imiz ing  the  t o t a l  volume o f  
t h e  system and shor ten ing t h e  connect ing l i n e s  was establ ished,  and t h e  
u n i t s  were mounted on a l abo ra to ry  frame (56 cm x 46 cm x 94 cm). The 
o v e r a l l  view o f  t he  process package, w i thou t  t h e  i n s u l a t i o n ,  i s  shown i n  
F igure  33. The t o t a l  weight o f  t h e  system i s  68 kg (150 l b ) .  The weight 
o f  t h e  i n d i v i d u a l  components i s  shown i n  Table 17. 

The components were connected w i th  s t a i n l e s s  s t e e l  tubing: i n  most 
cases s ta in less  s t e e l  Swagelok f i t t i n g s  were used. Each component can be 
removed from t h e  system f o r  r e p a i r  o r  serv ice.  Several manual and 
so lenoid valves were i n s t a l l e d  f o r  f l o w  adjustment o r  d ivers ion .  Specia l  
p rov i s ions  were made f o r  by-passing some o f  t h e  u n i t s  (such as t h e  
evaporator)  du r ing  t h e  s ta r t -up  o r  shut-down. The compressor and t h e  
l i q u i d  pumps were i n i t i a l l y  loca ted  i n  the  lower sec t i on  o f  t he  process 
package and were anchored t o  the  base board. Dur ing t h e  t e s t i n g  i t  was 
no t iced  t h a t  some condensation could occur i n  t h e  l i n e s  lead ing  t o  t h e  
compressor which might  damage the  bel lows i n  t h e  compressor. Therefore, 
t h e  compressor was ra i sed  and placed upside down t o  e l i m i n a t e  t h e  
p o s s i b l i i t y  o f  any l i q u i d  accumulation. 

The i n d i v i d u a l  components and t h e  connect ing l i n e s  were h e a v i l y  
i n s u l a t e d  w i t h  h igh  temperature type  r e f r a c t o r y  f ber  i n s u l a t i n g  
mater ia ls ,  then the  spaces between the  components were f i l l e d  w i t h  t h e  
same i n s u l a t i n g  mater ia l .  

The temperature c o n t r o l l e r s  and a recorder  were 
equipment rack adjacent  t o  t h e  process package. 

n s t a l l e d  i n  an 
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Figure 33 OVERALL VIEW OF THE PROCESS PACKAGE 
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Component 

TABLE 17 

WEIGHT OF SUBSYSTEM COMPONENTS 

Evaporator 

Ammonia Oxidat ion Reactor 

Condenser 

Recycle Tank 

Com p r e  s so r 

Recycle Pump 

Feed Pump 

Nitrous Oxide Decomposition 
Reactor 

Solenoid Val ves 

Pressure Gauges 

Check Valves 

Valves 

Connecting Lines 

Insu la t ion  

Frame 

T o t a l  

Weight, kg ( l b )  

8 .2  

5.4 

3.6 

2 .0  

6.3 

2.5 

0.9 

0 .2  

1.1 

0.9 

0.4 

0.9 

3.6 

16.3 

15.4 

67.7 



Design V e r i f i c a t i o n  Tests 

Component 
Capaci ty 

Function 
Des i gn Test 

A f te r  t h e  f a b r i c a t i o n  o f  t h e  i n d i v i d u a l  components, t e s t s  were 
performed t o  e s t a b l i s h  the  f u n c t i o n a l i t y  o f  t h e  basic components and t o  
a s c e r t i a n  t h e i r  c a p a b i l i t y  t o  operate a t  t h e  design capac i ty  leve ls .  The 
r e s u l t s  of these t e s t s  a re  summarized i n  Table 18 and i n d i c a t e  t h a t  t h e  
NH3 o x i d a t i o n  r e a c t o r  and the water condenser a re  capable o f  opera t ing  
a t  c a p a c i t i e s  s i g n i f i c a n t l y  above those o f  t h e  design leve ls .  However, 
t h e  evaporator was operat ing severely below i t s  design capaci ty.  

TABLE 18 

COMPONENT CAPACITIES 

Evaporator Ur ine  evaporat ion 0.5 0.1 -0.1 5 
r a t e ,  kg/hr 

IN20 Decomp. Reactor Flow r a t e  Adequate 
I 
I 

I n i t i a l l y ,  Naf ion ( a  p e r f l u o r i n a t e d  i o n  exchange polymer) ho l low 
f i b e r s  were se lected f o r  the  evaporator. P r i o r  t o  t h e  design o f  t h e  
evaporator, a sample o f  Nafion ho l low f i b e r s  (0.61 cm (0.024") I D ,  0.086 
cm (0.034") OD) was obtained from t h e  o r i g i n a l  developer, DuPont Corp., 
f o r  t e s t i n g .  A s i x  f i b e r  bundle (25.4 cm (10") long) was prepared and 
i n s t a l l e d  i n  a g lass cy l inder ,  then tes ted  passing heated water through 
t h e  hol low f i b e r s  and a i r  through t h e  g lass c y l i n d e r ,  i.e., e f f e c t i v e l y  
s i m u l a t i n g  t h e  a n t i c i p a t e d  condi t ions o f  t h e  evaporator. The evaporat ion 
r a t e  was es tab l i shed from the amount o f  water c o l l e c t e d  i n  a g iven time. 
The evaporator was then designed based on these observed evaporat ion 
ra tes .  



A new batch o f  Naf ion o f  t he  same s i z e  as used i n  t h e  prev ious t e s t s  
was obtained from the  Permapure Products, which, meanwhile, purchased t h e  
Naf ion product ion and d i s t r i b u t i o n  r i g h t s  f rom DuPont. The i n i t i a l  
t e s t i n g  o f  t h e  evaporator const ructed us ing  these f i b e r s  i nd i ca ted  a very 
low evaporat ion ra te ,  as compared w i t h  t h e  p rev ious l y  tes ted  Naf ion 
f ibers .  Discussions w i t h  the  manufacturer i nd i ca ted  t h a t  t h e  f i b e r  i s  
manufactured i n  e i t h e r  s a l t  o r  a c i d  form and t h a t  t h e  a c i d  form i s  more 
permeable t o  water vapor. The s a l t  form, however, can be converted t o  t h e  
a c i d  form by t r e a t i n g  w i t h  hyd roch lo r i c  acid,  f o l l owed  by a r i n s e  i n  
b o i l i n g  water. 

One o f  the  f i b e r  bundles was removed from t h e  evaporator and t e s t e d  as 
i s  and a f t e r  conversion t o  t h e  a c i d  form i n  an exper imental  arrangement 
s i m i l a r  t o  t h e  one used p rev ious l y  w i t h  the  i n i t i a l  s i x - f i b e r  bundle. I n  
add i t i on ,  the o r i g i n a l  s i x - f i b e r  bundle was retested,  p r o v i d i n g  t h e  same 
r e s u l t s  as before. 

The r e s u l t s  o f  these t e s t s  a re  summarized i n  Table 19. The 
evaporat ion r a t e  o f  t he  f u l l - s i z e  bundle was lower than t h a t  o f  t h e  
s i x - f i b e r  bundle by an order  o f  magnitude. Even the  a c i d i f i e d  f i b e r s  
showed much lower r a t e s  than t h e  o r i g i n a l  s i x - f i b e r  bundle. A f t e r  a l l  
t h i s  tes t ing ,  t h e  on ly  explanat ion i s  t h a t  t h e  ho l low f i b e r s  a re  
non-uniform and vary  from batch t o  batch: apparent ly  t h e  t r a n s f e r  o f  t h e  
f i b e r  product ion t o  another company r e s u l t e d  i n  ho l low f i b e r s  w i t h  very  
much d i f f e r e n t  p roper t ies .  

I n  add i t i on  t o  these Naf ion f i b e r s ,  o the r  ma te r ia l s  were 
inves t iga ted .  Hollow f i b e r s  made from Te f lon  showed extremely low 
evaporat ion ra te .  Polysul fone f i b e r s  showed very  h igh  produc t ion  ra te :  
however, most o f  t h e  water was t r a n s f e r r e d  i n  a l i q u i d  form. I n  add i t i on ,  
po lysu l fone f i b e r s  have a h igh  sodium c h l o r i d e  permeab i l i t y .  Dow Chemical 
Co. and Monsanto are  a c t i v e l y  working i n  the  development o f  ho l low f i b e r s  
w i t h  h igh  w a t e r  vapor permeab i l i t ies :  however, they  a n t i c i p a t e  t o  have 
samples only  by t h e  end o f  1985. 

I n  view o f  t he  above descr ibed r e s u l t s ,  and w i t h  t h e  concurrence o f  
t he  techn ica l  p r o j e c t  monitor,  i t  was decided t o  use t h e  a v a i l a b l e  Naf ion  
ho l low f i b e r  bundles, knowing t h a t  t he  produc t ion  r a t e  w i l l  be below t h e  
a n t i c i p a t e d  value. 
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Type o f  
Bundle 

S i x-F i ber  
Bundle 
(25.4 cm long) 

120-Fi ber 
Bund 1 e 
(25.4 crn long)  
(water i n s i d e  
t h e  f i b e r )  

1 2 0 4  i ber 
Bundle 
(water ou ts ide  
t h e  f i b e r )  

TABLE 19 

VAPOR PERMEATION THROUGH HOLLOW FIBERS 

Pressure , 
MPa (ps ia )  

~~ 

0.0267 (3.86) 

0.0307 (4.45) 

0.0787 (11.41) 

0.0800 (1 1.60) 

0.0800 (1 1.60) 

0.0680 (9.86) 

0.0680 (9.86) 

0.0680 (9.86) 

0.0680 (9.86) 

0.0680 (9.86) 

0.0680" (9.86) 

0.0680" (9.86) 

0.0680" (9.86) 

0.0680" (9.86) 

0.0680" (9.86) 

Water 
Flow I I n l e t  

35 344 (160) 

30 350 (171) 

30 350 (171) 

35 352 (174) 

30 333 (140) 

30 336 (145) 

30 338 (149) 

110 338 (149) 

300 338 (149) 

500 338 (149) 

50 0 338 (149) 

500 347 (165) 

110 347 (165) 

500 338 (149) 

500 347 (165) 

A i r  Flow 
R te ,  

cm 3 /min 

- 

50 

50 

50 

50 

50 

570 

570 

570 

570 

570 

570 

570 

5 70 

Water 
Recovery 

Rate, 
g /hr  

10.8 

9.0 

13.1 

13.8 

9.0 

3.5 

3.7 

21.4 

25.6 

25.7 

29 

29 

43.7 

29 

50 

* A f t e r  t reatment  w i t h  the  HC1 and b o i l i n g  water 
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SUBSYSTEM TESTING 

The t e s t i n g  program consis ted o f  t h e  f o l l o w i n g  t e s t  ser ies .  

1. Parametric t e s t i n g  t o  determine t h e  e f f e c t  of var ious  opera t iona l  
parameters on t h e  o v e r a l l  performance o f  t h e  system and t o  
es tab l i sh  t h e  optimum opera t iona l  cond i t ions ,  

2. Da i l y  endurance t e s t s  f o r  one month, 

3. Continuous opera t ion  f o r  7 days (168 hr). 

A l l  t es t s  were performed us ing  feed o f  un t rea ted  u r i n e  c o l l e c t e d  d a i l y  
from male volunteers.  Sampling and ana lys i s  were performed t o  o b t a i n  the  
processing r a t e  and t o  determine the  q u a l i t y  o f  t h e  recovered water. 
Typ ica l l y ,  the f o l l o w i n g  analyses were performed: 

a) Recovered water - t h e  q u a l i t y  o f  water was monitored by r o u t i n e l y  
t e s t i n g  f o r  pH, "3, organic  carbon (TOC), conduc t i v i t y ,  
n i t r i t e  and n i t r a t e .  

b) 

c )  

Vent qas - selected samples were analyzed f o r  N20. 

Feed - selected batches were analyzed f o r  s p e c i f i c  g r a v i t y ,  t o t a l  
so l ids,  urea, ammonia and inorgan ic  so l i ds .  For t h e  cont inuous 
run, p ropor t ionate  samples o f  feed were f rozen and t h e  t e s t s  were 
performed on the  composite sample, 

d) Sludge - analyzed f o r  s p e c i f i c  g r a v i t y ,  t o t a l  so l i ds ,  v o l a t i l e  
so l ids,  inorgan ic  so l i ds ,  urea, and ammonia. 

The f o l l o w i n g  a n a l y t i c a l  techniques were used. 

a) A gas chromatographic method us ing  E lec t ron  Capture Detector  and 
a Porpak Q column was used f o r  measuring t h e  N20 
concentrat ions.  

b) The organic  carbon was determined by Beckman t o t a l  organic  carbon 
analyzer. 

c)  Ammonia i n  the  recovered water was determined by Ness le r i za t i on  
method us ing  Chemtrics, Inc.  vacu-vials. A f t e r  t h e  development 
o f  co lo r ,  ammonium i o n  concent ra t ion  i n  t h e  water was measured 
f r o m  spec t ra l  absorbance a t  530 nm us ing  Bosh & Lamb Spectronic 
20 analyzer. 

d)  N i t r i t e  and N i t r a t e  i n  the  recovered water was determined by k i t  
obtained from Chemtrics, Inc.  
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I n  add i t ion ,  combined samples o f  t h e  recovered water were submitted t o  
a commercial l a b o r a t o r y  f o r  an independent check on TOC. 

Parametric Test ing 

Two types o f  parametr ic t e s t s  were performed: 

1. Water q u a l i t y  - The independent var iab les  f o r  water q u a l i t y  a re  
"3 o x i d a t  i o n  reac tor  temperature, oxygen concentrat ion and 
evaporator pressure (which determines t h e  mass f l o w  o r  space 
v e l o c i t y ) ,  

2. Water product ion r a t e  - The independent var iab les  are evaporat ion 

To minimize t h e  number of t e s t s ,  an experimental p lan  based on a 
two-level f a c t o r i a l  design w i th  so-cal led s t a r  p o i n t s  a t  d is tances from 
t h e  center  equal tw ice  t o  normal v a r i a b l e  l e v e l  steps was chosen. Th is  
technique i s  descr ibed i n  standard t e x t s  on experimental design and was 
success fu l l y  used on o ther  programs. This  approach a1 lows t o  determine 
t h e  e f fec ts  of independent var iab les  i n  a s t a t i s t i c a l l y  acceptable manner 
and s a t i s f i e s  t h e  requirements f o r  t h e  development o f  a quadrat ic  
polynomial To 
e l i m i n a t e  t h e  e f f e c t  o f  so l ids  content, each t e s t  was performed us ing 
f r e s h  ur ine.  

temperature, evaporator pressure and u r i n e  r e c i r c u l a t i o n  rate.  

f o r  expressing t h e  values o f  t h e  chosen dependent var iab le .  

Parametric Test inq f o r  Water Qual i ty. - The qual i t y  o f  t h e  recovered 
water obtained dur ina  these t e s t s  i s  shown i n  Table 20. The e f f e c t s  o f  
each v a r i a b l e  a re  as f6 l lows:  

Temperature - The minimum temperature requ i red  f o r  t h e  removal o f  
ammonia was 527°K (489°F). However, when one of t h e  runs was repeated, 
h igher  l e v e l  o f  ammonia was observed i n  t h e  recovered water. Therefore, 
t h e  c a t a l y s t  temperature was ra ised t o  544°K (520°F) and a l l  f u r t h e r  
t e s t i n g  was performed a t  t h a t  temperature. 

Oxygen Concentrat ion - To pro tec t  t h e  oxygen ana lyzer 's  sensor against  
t h e  h igh  temperature i n  t h e  recyc le l i n e ,  t h e  sensor i s  i n s t a l l e d  i n  t h e  
vent stream. The oxygen concentrat ion i n  t h e  r e c y c l e  stream i s  c a l c u l a t e d  
from t h e  measured oxygen concentrat ion i n  t h e  vent gas and t h e  water 
condensation ra te .  Due t o  the low oxygen consumption o f  t h e  system, t h e  
oxygen concentrat ion c i r c u l a t i n g  i n  t h e  system even a t  low oxygen feed 
f low r a t e s  i s  high. Therefore, dur ing  some t e s t s  n i t r o g e n  was suppl ied t o  
t h e  system t o  a d j u s t  t h e  oxygen concentrat ion t o  des i rab le  l e v e l s  and t o  
determine the minimum requi red oxygen concentrat ion f o r  t h e  i-enioval o f  
ammonia. Because o f  t h e  operat ional  d i f f i c u l t i e s ,  t h e  oxygen concen- 
t r a t i o n  could be lowered on ly  t o  about 5%, and no change i n  t h e  water 
q u a l i t y  was observed. 
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Test 
No. 

Oxygen 
i n  the  
Recycle 
Stream, 

% 

Ammonia 
Catal ys t 
Temp., 
O K  ( O F )  

Catalyst Temperature 

13 566 (559) 14 
14 544 (520) 14 
17 527 (489) 14 
16 511 (460) 14 
20 527 (489) 14 
21 527 (489) 14 

Ammonia, 
PH mg/L 

Oxygen Concentration 

27 544 (520) 15 
28 544 (520) 8 
29 544 (520) 5 

T.O.C. Specif ic 

& mho/cm 
mg/L Conductance, 

Evaporator Pressure 

14 544 (520) 14 
23 544 (520) 14 
24 544 (520) 14 
27 544 (520) 14 
25 544 (520) 14 
15 527 (489) 14 
22 527 (489) 14 
19 527 (489) 14 

I 20 527 (489) 14 

TABLE 20 

PARAMETRIC TESTS FOR WATER QUALITY 

Evaporator 
Pressure, 

kPa 

93.1 
93.1 
93.1 
93.1 
81.4 
81.4 

85.5 
85.5 
85.5 

93.1 
89.6 
89.6 
85.5 
81.4 
93.1 
89.6 
85.5 
81.4 

ND = Not Detectable 

4.57 
4.68 
4.67 
4.70 
4.71 
6.2 

4.52 
4.71 
4.60 

4.68 
4.62 
4.72 
4.52 
4.68 
4.66 
4.60 
4.68 
4.71 

0.08 
0.08 
0.09 
0.90 
0.07 
1.8 

ND 
0.2 
0.02 

0.08 
0.13 
0.12 
ND 
0.17 
0.21 
0.08 
0.07 
0.07 

4 . 0  
4 . 0  
4 . 0  

3.0 
4.0 
5.0 

5.0 
4 . 0  
4 . 0  

4 . 0  
4 . 0  
4 . 0  

5.0 
2.0 
3.0 
3.0 
2.5 
4.0 

21 >5.0 
24 3.4 
26 3.5 
28 3.5 
21 3.2 
35 3.2 

14 1 .o 
18 2.0 
19 2.0 

24 
19 
23 
14 
23 
23 
22 
24 
21 

3.4 
1.5 
1.5 
1 .o 
1.5 
3.5 
3.2 
3.0 
3.2 
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c 

Evaporator Pressure - The evaporator pressure determines t h e  mass f l o w  
r a t e  through t h e  ammonia ox ida t ion  reactor .  The evaporator pressure was 
v a r i e d  between 81.4 and 93.1 kPa. The q u a l i t y  o f  t h e  water remained t h e  
same through t h i s  range. 

Parametric Test ing f o r  Water Product ion Rate. - The r e s u l t s  o f  these 
t e s t s  are presented i n  Table 21. Based on these r e s u l t s ,  t h e  f o l l o w i n g  
l i n e a r  expression r e l a t i n g  the product ion r a t e  t o  t h e  independent 
v a r i  ab1 es was devel oped: 

Y = -429.1 + 2.25T + 0.0085F - 2.719P (10) 

where Y = product ion r a t e  i n  ml/hr, T = evaporat ion temperature i n  O K ,  F = 
u r i n e  c i r c u l a t i o n  r a t e  i n  ml/min, and P = evaporat ion pressure i n  kPa. 
The q u a l i t y  o f  water produced was good under a l l  t h e  cond i t ions  of 
parametr ic  t e s t i n g .  

The evaporat ion temperature has t h e  most s i g n i f i c a n t  i n f l u e n c e  on t h e  
product ion ra te :  however, t h e  need f o r  mechanical s t a b i l i t y  of t h e  
evaporator f i b e r s  r e s t r i c t s  the upper temperature 1 i m i  t a t  344°K (160°F) , 
which i s  considered r e l a t i v e l y  safe f o r  t h e  f i b e r s .  Although t h e  
product ion r a t e  i s  increased by a decrease i n  t h e  evaporator pressure, t h e  
c a p a b i l i t y  o f  t h e  compressor determines t h e  lowest pressure p r a c t i c a l l y  
achievable (approximately 93 kPa). Among t h e  independent var iab les,  t h e  
u r i n e  c i r c u l a t i o n  r a t e  has t h e  l e a s t  i n f l u e n c e  on t h e  product ion r a t e .  
The convenient ly  achievable v a r i a t i o n  r a t e  o f  950 ml/min was chosen f o r  
f u r t h e r  t e s t i n g .  

D a i l y  ,Endurance Tests 

The d a i l y  endurance t e s t i n g  was cont inued f o r  one month, w i t h  system 
s tar tup ,  operat ion and shutdown based on an 8-hour workday basis. 
I n i t i a l l y ,  t h e  u r i n e  r e c y c l e  loop o f  t h e  system was f i l l e d  w i t h  f resh, 
unt reated ur ine ,  then f resh  ur ine  was added cont inuously  dur ing  t h e  t e s t s  
t o  mainta in  i t s  volume r e c y c l i n g  w i t h i n  t h e  system: therefore,  t h e  s o l i d s  
content  w i t h i n  t h e  recyc le  loop increased cont inuously.  The system was 
r e s t a r t e d  every morning, water c o l l e c t i o n  cont inued f o r  5-6 hours, and 
shut  down f o r  t h e  n ight .  Normally, t h e  presence o f  an operator  was 
requ i red  f o r  s t a r t u p  and shutdown: a t  o t h e r  t imes t h e  system operated 
e s s e n t i a l  l y  unattended. Sampling and analyses were performed t o  determine 
t h e  processing ra te ,  t h e  q u a l i t y  o f  t h e  recovered water, and t o  o b t a i n  
m a t e r i a l  balance. 

77 



TABLE 21 

PARAMETRIC TESTS FOR WATER PRODUCTION RATE 

Run 
NO. 

1 
Evaporation 
Temperature, 

O K  ( O F )  

Ur ine C i r c u l a t i o n  
Rate, 

m l  / m i  n 

39 

43 

40 

34 

42 

45 

44 

36 

41 

Evaporator Recovered 
Pressure, Water, 

kPa m l  /hr  

341 (154) 

347 (165) 

347 (165) 

341 (154) 

344 (160) 

344 (160) 

344 (160) 

347 (165) 

344 (160) 

I i 

1 1 

800 

1100 

800 

1100 

9 50 

9 50 

9 50 

96 

96 

93 

93 

93 

93 

94 

85 

100 

105 

95 

105 

108 

90 

800 93 110 

9 50 93 110 
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Table 22 summarizes t h e  r e s u l t s  o f  t h e  d a i l y  endurance t e s t i n g .  The 
o v e r a l l  water recovery e f f i c iency  o f  t h e  system i s  96.1% and t h e  vent l o s s  
* 0.51. The m a t e r i a l  balance f o r  t h e  e n t i r e  t e s t  i s  summarized i n  Table $5. Since u r i n e  was co l lec ted  o n l y  dur ing  t h e  daytime, t h e  s o l i d s  
concent ra t ion  feed was found t o  be somewhat lower than u s u a l l y  assumed 
f o r  a normal u r ine .  The t o t a l  s o l i d s  concentrat ion i n  t h e  r e c y c l e  stream 
sludge The 
v o l a t i l e  res idue cons is ts  o f  a l l  organic m a t e r i a l s  p l u s  urea, i.e., 
m a t e r i a l s  t h a t  a re  v o l a t i l i z e d  dur ing  t h e  standard a n a l y t i c a l  procedures 
f o r  so l ids .  It can be seen t h a t  there  was a l o s s  o f  both organics and 
urea, as i t  should be i f  some o f  t h e  urea i s  decomposed and t h e  produced 
ammonia and v o l a t i l i z e d  hydrocarbons are ox id ized  i n  t h e  c a t a l y t i c  
reactor .  

o f  

increased t o  110.8 g/L (or  10.48% on t h e  weight/weight basis) .  

The q u a l i t y  of t h e  recovered water (w i thout  any posttreatment)  i s  
shown i n  Table 24, where the measured ranges o f  t h e  d a i l y  t e s t s  a re  
presented together  with t h e  analys is  o f  t h e  t o t a l  combined volume o f  water 
c o l l e c t e d  dur ing  t h i s  e n t i r e  t e s t  ser ies.  Selected samples o f  t h e  vent 
gas were analyzed f o r  t h e  presence o f  N20 ( n i t r o u s  oxide). I n  a t y p i c a l  
t e s t ,  t h e  N20 concentrat ion i n  t h e  gas stream p r i o r  t o  N20 decompo- 
s i t i o n  r e a c t o r  was i n  t h e  1000-1300 ppm range: however, t h e  ac tua l  vent 
(i .e., a f t e r  passing t h e  N decomposition r e a c t o r )  contained o n l y  50-200 
ppb ( p a r t s  per  b i l l i o n )  o$ N20. This  concentrat ion i s  below t h e  N20 
concentrat ion normal a i r  (approximately 250 ppb) and below t h a t  i n  t h e  
feed oxygen gas used (approxjmately 300 ppb). 

i n  

Cont i  nuous Operat i  on 

The continuous operat ion t e s t  was run  f o r  168 consecut ive hours. A t  
t h e  beginning, t h e  u r i n e  recyc le  loop o f  t h e  system was f i l l e d  w i t h  f resh, 
unt reated ur ine ,  then untreated u r i n e  was added cont inuously  d u r i n g  t h e  
t e s t  t o  mainta in  i t s  volume w i t h i n  t h e  r e c y c l e  loop. A f t e r  s ta r tup ,  t h e  
system operated completely automat ica l ly :  i t  was attended o n l y  dur ing  t h e  
normal day working hours and was l e f t  t o  operate unattended dur ing  t h e  
n i g h t s  and weekend. Except f o r  a temporary r i s e  i n  temperature o f  t h e  
r e c y c l i n g  u r i n e  t o  l e v e l s  higher than normal on t h e  morning o f  t h e  second 
day o f  operat ion (probably due t o  an undetermined mal func t ion  o f  t h e  
temperature c o n t r o l  l e r  dur ing  t h e  n i g h t ) ,  t h e  system operated very 
smoothly and requ i red  no adjustments dur ing  t h e  e n t i r e  t e s t  per iod.  

The q u a n t i t y  o f  t h e  recovered water was measured d a i l y ,  and i t s  
q u a l i t y  was r o u t i n e l y  checked by d a i l y  analyses. The experimental water 
recovery data of t h e  continuous t e s t  are summarized i n  Table 25. The 
observed e f f i c i e n c y  o f  water recovery i s  94.7%. which i s  somewhat lower 
than t h e  s f f i e f s f i c y  achieved & r i n g  t h e  d a i l y  t e s t  ser ies.  It i s  
suspected t h a t  some vapor may have escaped through t h e  overpressure 
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TABLE 22 

EXPERIMENTAL DATA OF THE ENDURANCE TESTING 

Test  Tes t  U r ine  Feed, Recovered 
No. Du r a t  i on, Water, 

h r  m l  m l  

Vent Loss, 

m l  

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

5 
6 
4 
4 
5.83 
5.50 
6.75 
6.08 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

480 
685 
580 
470 
500 
970 

0 
5 50 
500 
570 
560 
5 50 
550 
570 
5 50 
5 50 
5 50 
540 
520 
51 0 

51 5 
665 
51 0 
500 
280 
504 
343 
603 
475 
545 
51 0 
51 0 
535 
540 
51 0 
51 0 
505 
530 
505 
48 5 

1.5 
1.5 
0.5 
12 
0.5 
0 
3 
0 
3 
2.5 
3.5 
8 
1.5 
1.5 
1.5 
2 
1 
2 
2 
9 

__ - ~ 

T o t a l  114.17 10755 10080 56.5 

Recoverable water Feed, g 10485 
Co l l ec ted  water, g 10080 
Recovery e f f i c i e n c y ,  Z 96.1 
Vent loss ,  2 0.5 

. 
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. . 

Parameter 

8 

Feed Recovered 
i n  Sludge 

TABLE 23 

MATERIAL BALANCE FOR FEED AND SLUDGE OF THE ENDURANCE TESTING 

3 S p e c i f i c  g r a v i t y ,  g/cm 

S o l i d  content ,  g/L 

T o t a l  s o l i d s ,  g 

26.5 

362 

Inorgan ic  s o l i d s ,  g 139 

V o l a t i l e  res idue  (organic  223 + urea) ,  g 

Urea,  g 131 

1.0569 

110.8 

31 9 

150 

169 

110 

t 



TABLE 24 

Range o f  
Parameter Dai ly  Co l lec t ions  

ANALYSIS OF THE WATER RECOVERED 
DURING THE ENDURANCE TEST 

Combined 
Po0 1 

. 
a 

* 



. 

Date Time 

TABLE 25 

EXPERIMENTAL DATA OF THE CONTINUOUS TEST 

Feed Added Water Col lected Vent 
Between t h e  Tota l  , Average Loss , 

Time I n t e r v a l s ,  m l  Rate, m l  m l  
m l  

8/19/85 12:30 pm 

8/20/85 12: 30 

8/21 /85 12: 30 

8/22/85 12: 30 

8/23/85 12: 30 

8/24/85 12: 30 

8/25/85 12: 30 

8/26/85 12: 30 

Volume Correction 

400 

4300 

2200 

21 00 

2300 

2400 

2100 

290 

-1 72 

s t a r t  

21 70 90.4 13 

2285 95.2 8 

2255 93.9 7 

2050 85.4 7 

2060 85.8 7 

2035 84.8 8 

1970 82.1 9 

Tota l  
~~ ~ 

15918 14825 88.2 59 

Recoverable water i n 15655 

Recovered Water, g 14825 
Ef f ic iency ,  % 94.7 
Vent Loss, % 

t h e  Feed, g 

0.38 

. 
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p r o t e c t i o n  o f  t he  l i q u i d  recyc le  loop du r ing  t h e  pe r iod  o f  abnormal 
temperature o f  t he  u r i n e  (363°K (194°F) i ns tead  o f  344°K (160°F)) 
mentioned above. Such an increase i n  temperature may have caused a 
s u f f i c i e n t  increase i n  pressure t o  open the  valve,  r e s u l t i n g  i n  l o s s  o f  
vapor. 

valve 
. 
I 

The q u a l i t y  o f  t he  recovered water i s  presented i n  Table 26; t he re  was 
no change i n  t h e  q u a l i t y  o f  water du r ing  t h e  e n t i r e  t e s t ,  i.e., no 
dependence on s o l i d s  content  o f  t h e  r e c i r c u l a t i n g  ur ine.  Random samples 
o f  t he  vent gas and of oxygen feed were analyzed f o r  N20. The r e s u l t s  
a re  summarized i n  Table 27 and i n d i c a t e  t h a t  t h e  N20 concent ra t ions  i n  
vent are, general ly,  equal o r  lower than i t s  concentrat ions i n  feed oxygen 
and are  i n  the range o f  N20 l e v e l s  o f  ambient a i r .  

The mater ia l  balance o f  s o l i d s  i s  summarized i n  Table 28. As 
an t ic ipa ted ,  t he re  i s  a l oss  o f  t o t a l  s o l i d s  i n  t h e  form o f  v o l a t i l e  
organics, urea, and ammonia. Obviously these ma te r ia l s  evaporated 
together  w i t h  t h e  water and were converted t o  innocuous products  i n  t h e  
c a t a l y t i c  reactors.  

Analys is  o f  Experimental Resul ts  

Water Qua l i t y . -  The ana lys i s  o f  water c o l l e c t e d  du r ing  t h e  d a i l y  
endurance and t h e  continuous 168 hours long t e s t s  i s  summarized i n  Table 
29, together  w i th  cu r ren t  EPA d r i n k i n g  water pr imary and secondary 
standards and NASA s p e c i f i c a t i o n s  f o r  space s t a t i o n  water (obta ined from 
M r .  Ch. W i l l i s ,  Technology Incorporated).  D a i l y  water ana lys i s  i n d i c a t e d  
t h a t  t he  increase i n  s o l i d s  content  o f  t h e  r e c i r c u l a t i n g  u r i n e  has no 
i n f l uence  on t h e  q u a l i t y  o f  t he  recovered water. As Table 29 ind ica tes ,  
t he  recovered water i s  o f  good q u a l i t y  and, w i t h  t h e  except ion o f  a low 
pH, meets EPA po tab le  water standards and approach t h e  NASA proposed 
rev ised standards w i thou t  posttreatment.  The pH can be e a s i l y  ad justed 
e i t h e r  by add i t ion  o f  a l k a l i e s  o r  by passing water through i o n  exchanger 
o r  l imestone c h i p  column. The expendables requ i red  f o r  t h e  adjustment o f  
pH t o  a neut ra l  va lue are  approximated a t  1 g per  l i t e r  o f  water. 

Since the r e c y c l i n g  u r i n e  i s  maintained above t h e  p a s t e u r i z a t i o n  
temperature (i.e., above 338°K (149°F)) and t h e  vapor passes through t h e  
c a t a l y s t  bed a t  523°K (482°F). the  recovered water does n o t  show any 
v i a b l e  bacter ia .  

M a t e r i a l  Balance.- A t y p i c a l  ma te r ia l  balance requ i red  fo r  producing 
one (1) k i logram o f  water i s  shown i n  F igure  34. Average data o f  t h e  
d a i l y  and the continuous runs were used f o r  t h i s  analys is .  Dur ing these 
tes ts ,  t h e  observed average water c o l l e c t i o n  e f f i c i e n c y  was 95.4%, and 
0.5% Approximately 15% of t he  urea o f  water was l o s t  w i t h  t h e  vent gases. 

t 
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. . 

v 

e 

Range o f  Combined 
Parameter Daily Col lect ions Po0 1 

TABLE 26 

ANALYSES OF THE WATER RECOVERED 
DURING THE CONTINUOUS TEST 

Ammonia, mg/L 0-0.12 

Tota l  Organic Carbon, mg/L <2 

I pH 
Spec i f ic  C0nductance.p mho/cm 16-24 

N i t r i t e  and N i t r a t e ,  mg/L 1.5 

0.08 

< 2  

5.49 

17 

1.5 

. 

85 



TABLE 27 

N 2 0  CONCENTRATION I N  VENT GAS 

Sample 
D a t e  

O x y g e n  Feed 
N20 * 
PPb 

8/22/85 373 774 

I 8/23/85 229 

8/26/85 

287 

c 50 

c 50 

2 58 

287 

21 6 

192 

. 

. 
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TABLE 28  

Parameter 

SOLIDS MATERIAL BALANCE FOR 
CONTINUOUS TEST 

Feed Recovered 
i n  Sludge 

S p e c i f i c  g r a v i t y ,  g/crn3 1.015 1.0813 

S o l i d  content,  g/L 31.5 179.4 

T o t a l  so l ids ,  g 590 51 7 

Inorganic so l ids ,  g 21 5 21 3 

V o l a t i l e  residue (organic 37 5 
+ urea) ,  g 

Urea, g 246 

304 

225 

I Ammonia, g 20 14 

87 



TABLE 29 

SUMMARY OF WATER QUALITY 

Parameter Continuous 

Ammonia, mg/L 0.08 

T o t a l  Organic Carbon, <2 

PH 5.5 

mg/L 

S p e c i f i c  Conductance, 17 
/u mhos/cm 

N i t r a t e  & N i t r i t e ,  1.5 
mg/L 

D a i l y  Pr imary & 
Secondary 

0.09 - 

5.3 10 

18 

3 6-8 

NASA 
Proposed 
Revised 

Stand. 

< 0.5 

0.1 

10 

3 . 3  

6-8 

t 
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J 

Nitrogen 1.0 g 

Carbon Dioxide 1.7 g 

Water 5.0 

Feed: 
1088.7 g 
- 

Urine 1087 g 

999 g recovered 

p;:::;t 1000 g < 1 g from urea 

Oxygen 1.7 g 

Solids 37.8 g 

Water 43.2 g 

/ I 
Sludge 81.0 g \ 

Products : 
1088.7 g 

Figure 34 PROCESS MASS BALANCE 
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decomposed and produced ammonia which was o x i d  
The des t ruc t i on  o f  urea proceeds according 
equation: 

zed t o  n i t r o g e n  and water. 
t o  t h e  fo l l ow ing  o v e r a l l  

w i t h  appropr ia te values r e f l e c t e d  i n  F igure  34. The amounts o f  t o t a l  
sludge and sludge s o l i d s  a re  der ived  from values obta ined du r ing  these 
tes ts .  Because no pret reatment  o f  u r i n e  i s  requi red,  t h e  o n l y  expendable 
f o r  t he  process i s  oxygen. 

Product ion Rate. - Because o f  severe ly  undersized evaporator ( f o r  
reasons explained i n  prev ious chapters), t h e  water p roduc t ion  r a t e  was 
o n l y  approximately 100 g/hr; t h i s  r a t e  i n d i c a t e s  an evaporat ion r a t e  o f  
approximately 14 g/hr  per  square meter o f  sur face  area o f  t h e  ho l low 
f i b e r s .  Because t h e  evaporator temperature was maintained constant,  t h e  
evaporat ion (and, consequently, t he  produc t ion  r a t e )  decreased w i t h  t h e  
increase i n  t h e  s o l i d s  content  o f  t he  r e c y c l i n g  ur ine ,  as shown i n  F igure  
35. 

I n d i v i d u a l  t e s t i n g  o f  o ther  components which cou ld  a f f e c t  t h e  
produc t ion  r a t e  (water condenser, blower/compressor, c a t a l y t i c  reac to r )  
i nd i ca ted  tha t  these components meet and/or exceed t h e  design values: 
there fore ,  a redesigned evaporator w i th  an adequate evaporat ing surface 
would a l l ow  t o  operate the  system a t  t h e  design 3-man ra te .  

Enerqy Requirements. - The design and observed power requirements f o r  
var ious  components and f o r  the  e n t i r e  system a re  presented i n  Table 30. 
Due t o  low vapor p roduc t ion  r a t e  o f  t he  evaporator, meaningful energy 
requirements (W-hr/kg) could n o t  be obtained; there fore ,  power u n i t s  
(i.e., The system operates i n  such a manner 
t h a t  inc reas ing  the  water product ion r a t e  t o  t h e  design va lue by adding 
more evaporat ion f i b e r s  would n o t  increase t h e  power requirements o f  
i n d i v i d u a l  components: thus, would r e s u l t  i n  a decrease of energy 
requirements f o r  t he  water produced. 

watts)  were used i n  Table 30. 

The la rge  d i f f e rences  between the  design and ac tua l  data a re  caused 
main ly  by the i n e f f i c i e n c y  o f  t he  bel lows compressor/blower. F i r s t ,  t he  
motor o f  the compressor/blower operates a t  approximately 30% e f f i c i e n c y  
(115 V, 2.1 A ,  75W). Second, due t o  t h e  c o n f i g u r a t i o n  and bulk iness,  
t he re  are  excessive heat losses both from,the a i r  cooled motor and from 
t h e  blower head: thus,  t he  expected preheat ing o f  t h e  r e c y c l e  gadvapor  
stream t o  compression could n o t  be achieved and the  preheat ing o f  t h e  
gadvapor  en ter ing  t h e  NH3 ox ida t i on  r e a c t o r  had t o  be done by an 
e l e c t r i c  heater. Since the  t h e o r e t i c a l  comp’ression energy requ i red  i s  
approximately 66 W-hr/kg. of vapor, an a p p l i c a t i o n  o f  h i g h  e f f i c i e n c y  

due 
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TABLE 30 

POWER REQUIREMENTS 

Component 
Actual 
Power, 

W 

Design 
Power, 

W 

a)  Subsystem Power 

L iqu id  Pumps 

Compressor 

L iqu id  Heater 

NH3 Reactor Heater 

N20 Reactor Heater 

13-42 . 

152 

6 

47 

20 

30 

82 

0 

7 

0.4 

Tota l  267 

b) Instrumentation & Controls 27 

119.4 

27 
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5 

motor would b r i n g  t h e  energy requirements o f  t h e  compressor/ blower t o  t h e  
design value. 

The second reason f o r  h i g h  energy requirements a re  due t o  t h e  combined 
e f f e c t  o f  thermal w a l l  losses and low product ion r a t e .  Since t h e  system 
components a re  maintained a t  s p e c i f i c  temperatures, t h e  thermal w a l l  
losses are  constant regard less of t h e  product ion ra te .  An increase i n  t h e  
produc t ion  r a t e  would decrease the s p e c i f i c  energy requirements. 

The t h i r d  problem was t h a t  t h e  heat exchanger o f  t h e  N20 
decomposition r e a c t o r  d i d  no t  func t ion  because o f  a very low vent  ra te ,  
and a l l  t h e  heat had t o  be suppl ied by an e l e c t r i c  heater. Here, again, a 
very small  percentage o f  t h e  heat was requ i red  t o  preheat t h e  vent  gases 
t o  t h e  r e a c t o r  temperature and e s s e n t i a l l y  a l l  t h e  energy was expended f o r  
ma in ta in ing  t h e  temperature o f  t h e  reactor ,  i.e., main ly  heat  l o s s  t o  
ambient. A r e c o n f i g u r a t i o n  o f  t h i s  r e a c t o r  t o  a l l o w  i t s  heat losses t o  be 
used f o r  preheat ing t h e  vapor e n t e r i n g  t h e  NH3 o x i d a t i o n  r e a c t o r  would 
s i g n i f i c a n t l y  reduce t h e  o v e r a l l  energy requirements. 

Cor rec t ing  t h e  above l i s t e d  d e f i c i e n c i e s ,  i.e., o b t a i n i n g  an e f f i c i e n t  
blower/compressor, inc reas ing  t h e  evaporator s ize,  and r e l o c a t i o n  of t h e  
N20 decomposition reactor ,  would a l l o w  t o  meet t h e  design energy 
requirements. 

Comparison With Other Systems 

A comparison o f  t h e  vapor phase ammonia removal system (VPCAR) w i t h  
o t h e r  water recovery system (VCD, TIMES) i s  d i f f i c u l t  because: 

a. Th is  i s  t h e  f i r s t  generat ion engineer ing breadboard system 
f a b r i c a t e d  e n t i r e l y  from commercial ly a v a i l a b l e  components, w h i l e  
t h e  VCD and TIMES are 3rd  o r  4 t h  generat ion system and have 
a1 ready reached t h e  pre-prototype stage, 

b. L i t e r a t u r e  on VCD and TIMES u s u a l l y  descr ibe t h e  systems only,  
w i thout  t a k i n g  i n t o  account t h e  p e n a l t i e s  associated w i t h  
hardware and expendables requ i red  f o r  u r i n e  pretreatment and 
posttreatment,  which are n o t  requ i red  f o r  t h e  VPCAR system. 

Tables 31 and 32 compare t h e  t h r e e  water recovery systems and t h e  
q u a l i t y  o f  t h e  water produced by each system. Data f o r  VCD and TIMES were 
taken from an ana lys is  by F.H. Schubert, "Phase Change Water Recovery 
Techniques: Vapor Compression D i s t i  1 l a t i o n  and Thermoelectr ic/  Membrane 
Concepts'' presented a t  the T h i r t e e n t h  I n t e r s o c i e t y  Conference on 
Environmental Systems, San Francisco, Ca., J u l y  11-13, 1983. Data f o r  
t h i s  system (VPCAR) are f o r  an unoptimized engineer ing breadboard system. 
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TABLE 31 

COMPARISON OF WATER QUALITY 

I 

T h i s  

(VPCAR) 
Parameter System VCD 

i 

TIMES 

c 

Ammonia, g/L 0.09 0.3 0.8 

48-1 50 T o t a l  Organic Carbon, g/L < 2  16-80 

PH 4.5-5.5 3-4 3.3-3.6 

Conduct iv i t y ,  y mhos/cm 18 35 198 

? 
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9 
m 

- _ - .  IABLE 32 

COMPARISON OF WATER RECOVERY SYSTEMS 

Parameter 

~~ ~ ~ 

System weight, kg ( 1 b) 

System volume, m3 ( f t 3 )  

S p e c i f i c  energy, W-hr/kg 

Water recovery,  % 

Vent/purge losses, Z 
Expendables 

U r i n e  pretreatment,  g/L 

(W-hr/l b) 

Oxygen, g/L 

Ur ine  f i l t e r ,  g/L 

S o l i d s  b u i l d u p  i n  sludge, g/L 

Post t reatment  

pH adjustment, g/L 

TOC removal 

Inorg.  removal 

Con t ro l  i ns t rumen ta t i on  

Th is  System 
(VPCAR) 

68 (150") 

0.24 (8.5") 

217 (98.5*) 

95.4 

0.5 

0 

5.7 

32 

no 

no 

* Commercially a v a i l a b l e  components 
wt Design Value 

VCD 

93 (205) 

0.44 (15.7) 

101 (46) 

95.5 

0.5 

7.3 

0 

same 

44 

same 

Yes 

yes? 

same 

TIMES 

- ~~ 

68 (150) 

0.23 (8.0) 

203 (92) 

91.4 

3.0 

7.3 

0 

44 

Yes 

yes? 
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Wherever q u a n t i t a t i v e  data were unavai lab le,  q u a l i t a t i v e  statements were 
used f o r  each system. 

As can be seen from Tables 31 and 32, t h e  engineer ing breadboard o f  
t h i s  system (VPCAR) produces water of super io r  q u a l i t y ,  has lower 
requirements f o r  expendables, and has lower accumulation o f  sludge; a t  t h e  
same t ime, it i s  compet i t ive w i t h  o ther  systems i n  weight, volume, and 
power requirements. A d d i t i o n a l  development of t h i s  system to 
pre-prototype stage would f u r t h e r  improve i t s  compet i t i ve  p o s i t i o n .  

1 ’  c 
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I 
m CONCLUSIONS 

Data developed du r ing  t h e  design, f a b r i c a t i o n ,  and t e s t i n g  o f  an 
i n t e g r a t e d  engineer ing breadboard subsystem f o r  t he  recovery o f  po tab le  
water from untreated u r i n e  leads t o  the  f o l l o w i n g  conclusions. 

1. The o v e r a l l  operat ion o f  t h e  i n teg ra ted  system has been 
demonstrated. As shown by the  168-hour long t e s t  o f  cont inuous operat ion,  
t h e  subsystem i s  capable o f  automatic opera t ion  f o r  prolonged pe r iod  of 
t ime. 

2. The process based on c a t a l y t i c  d i s t i l l a t i o n  f o r  vapor phase 
c a t a l y t i c  ammonia removal produces water o f  good q u a l i t y  f rom unt rea ted  
u r ine .  The recovered water has a q u a l i t y  super io r  t o  water produced by 
o the r  systems, such as VCD o r  TIMES, and requ i res  o n l y  a pH adjustment f o r  
meeting the  USEPA pr imary and secondary po tab le  water standards. 

3. Because o f  an underdesigned evaporator, t he  des i red  produc t ion  
r a t e  could n o t  be demonstrated. Since t h e  capac i t i es  o f  o the r  subsystem 
components were a t  o r  above the design 3-man ra tes ,  an adequate increase 
i n  t h e  sur face area o f  t he  evaporator ho l low f i b e r s  would a l l ow  t o  reach 
the  3-man produc t ion  ra te .  

4. Because o f  a combined e f f e c t  o f  low produc t ion  r a t e  and 
i n e f f i c i e n c y  o f  t he  commercially a v a i l a b l e  blower/compressor used, 
meaningful determinat ion o f  the s p e c i f i c  energy requirements could n o t  be 
made. 

5. The water reco e r y  subsystem employing c a t a l y t i c  d i s t i l l a t i o n  f o r  
vapor phase c a t a l y t i c  ammonia removal i s  compet i t i ve  w i t h  VCD and TIMES 
systems. This  process produces good water, does n o t  r e q u i r e  pret reatment  
o f  u r ine ,  and needs ess expendables than o ther  methods. Although t h e  
subsystem was n o t  o p t  mized, i t s  weight and volume are  i n  t h e  same range 
as those o f  VCD and TIMES: t h e  s p e c i f i c  power-requirements cou ld  be 
brought t o  t h e  same range a f t e r  f u r t h e r  development of blower/compressor 
and i n s t a l l a t i o n  o f  a l a r g e r  evaporator. 

6. Based on the  above, f u r t h e r  development o f  t he  vapor phase 
c a t a l y t i c  ammonia process t o  a pre-prototype s ta tus  i s  warranted. 
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